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KEYNOTE  -  "RADAR  ANTENNA  TECHNOLOGY" 


1982  Antenna  Application  Symposium 
University  of  Illinois 
22  Sept  1982 


To  tell  you  the  truth  1  don't  recall  exactly  how  I  got  to  be  your  keynoter 
this  morning.  In  my  government  career  in  Radar,  I've  been  to  many  conferences 
such  as  this,  and  generally  the  keynoter  is  some  very  senior  official  from  DOD 
who  can  talk  of  money  to  be  devoted  to  certain  research  -  very  impressive  - 
whereas  I  am  buried  so  far  down  in  the  trenches  of  NAVSEA  that  it  was  hard  just 
to  climb  out  to  get  to  Illinois,  let  alone  say  anything  profound.  I'm  just  an 
ordinary  "user",  I  guess,  who  can  share  with  you  some  thoughts  on  antenna  technology. 
Actually,  this  conference  reminds  me  a  bit  of  the  power  tube  conference  held  every 
two  years  out  at  Monterey  where  that  commun-’  cy  deliberately  tries  to  compare  notes 
with  its  "user-community"  ->  and  they  ask  enthusiastically  for  system  people  to 
attend  and  participate  -  and  I  think  it's  quite  to  everyone's  advantage. 

My  own  background  is  indeed  radar  systems  for  the  Navy,  a  considerable  phased 
array  emphasis  over  the  last  twenty  years  -  I'll  try  not  to  favor  that  point  too 
much  as  we  proceed. 

It  might  be  well  to  reflect  upon  the  nature  of  antennas  -  their  "character" 
so  to  speak  -  from  an  applications  point  of  view  -  then  we'll  talk  about  problems 
and  challenges  in  both  antenna  design  and  use,  field  use,  for  both  "conventional" 
antennas  (we've  got  to  find  another  adjective  for  non  phased  arrays)  and  phased 
arrays. 

The  antenna  -  I  do  considerable  teaching  in  radar  and  I  point  out  to  students 
how  the  antenna,  more  vividly  than  any  other  of  the  subsystems,  displays  its  — . 
purpose  and  a  good  deal  of  that  of  the  radar.  The  very  term  has  a  biologic  ring 
to  it  so  apt  -  it  i£  our  probe  of  our  surroundings,  very  visible  -  exposed  (some¬ 
thing  more,  about  that  later),  has  a  wavelength  dependence  usually  quite  visible, 
beam  shape,  beam  and  scan  dimensions  usually  estimable  by  inspection,  feed  de¬ 
tails  reveal  even  a  second  level  of  design  detail  about  monopulse  or  pattern 
sophistication  -  the  antenna,  then,  speaks  loudly  of  its  own  purpose. 

Not,  again,  unlike  in  the  power  tube  and  transmitter  design  areas,  has  the 
antenna  in  the  last  twenty  years  come  to  be  recognized  for  the  signal  processing 
element  it  is.  Now,  certainly,  it  samples  space  and  we'd  like  that  "spatial  re¬ 
sponse  function"  (or  "sampling  window"  or  pattern  !o  us)  to  be  an  impulse  -  but 
we  do  know  that  our  limited  aperture,  true  to  sampling  theory,  results  in  certain 
aliasing  of  spatial  data  -  because  of  multiple  target  and  clutter  and  jamming 
or  interference  concerns,  one  wants  low  sidelobes  or  as  "unfolded"  an  estimate 
of  the  nature  of  our  surroundings  as  possible  -  this  prevails  in  even  rather 
static  system  operations,  fixed  installations.  But  then  we  move  the  earth  as  a 
parallel  sheet  under,  say,  a  high  preformancc  APY-1  (AWACS)  radar,  expecting  to 
look  down  on  it  (the  earth)  and  discern  by  doppler  discrimination  targets  moving 
even  at  a  tank's  pace  over  its  surface!  Doesn't  take  much  geometric  imagination 
to  see  the  relationships  among  sidelobes,  ground  clutter,  and  doppler  processing 
in  the  design  of  this  important  antenna. 
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So  we  see  the  antenna  as  an  element  of  the  signal  processing  -  the  "spatial 
transfer  function"  which  is  of  much  more  interest  .to  us  than  is  its  pattern 
alone  or  even  the  simple  containment  of  its  input  impedance  near  the  center  of 
a  Smith  chart.  ' 

The  character  of  an  antenna  ~  it  speaks  vividly  of  the  functions  of  the  radar; 
it  is  our  space  probe  and  a  true  element  of  the  signal  and  target  detection  pro- 
cesses . 

I  mentioned  problems  and  challenges  in  antenna  design,  fundamental  design 
toward  an  impulse-like  spatial  sensitivity  -  I  believe  we've  gone  through  a  period 
of  fascination  (that's  perhaps  too  harsh  a  term  -  I  mean  it  very  kindly)  with 
adaptive  processes  in  the  form  of  the  coherent  sidelobe  canceller  loops  -  a 
step  toward  completely  adaptive  spertures  growing  naturally  out  of  the  Syracuse 
(GE  and  University  of)  work  of  Sid  Applebaum  and  others  -  and  are  settling  into 
a  proper  emphasis  upon  low  sidelobe  design  in  the  "main"  antenna  itself  with 
cancellers  as  needed  -  again  the  earlier  mentioned  APY-1  work  at  Westinghouse 
involved  some  of  the  real  dedication  to  low  sidelobe  design  -  the  use  of  cancel¬ 
lers  as  a  supplement  only  was  exemplified  in  the  British  work  on  their  shipboard 
"STIR"  (Surveillance  and  Target  Indication  Radar)  wherein  the  horizontal  line 
feed  and  horizontally  disposed  precision  cylindrical  reflector  attested  to  the 
low  sidelobe  design  and  a  rather  directive  auxiliary  was  used  with  a  canceller 
loop  to  treat  just  the  nearest-in  first  sidelobe,  net  quite  as  low  as  the  rest 
in  their  design.  The  Westinghouse  motivation  -  doppler  processing  in  a  look-down 
airborne  radar;  the  British  motivation  -  to  effect  automated  detection  in  a 
truly  reliable  way. 

CSLC  itself  reminds  us^  of  the  signal  processing  nature  of  such  antennas  -  this 
feature  is  not  so  much  "side-lobe  cancellation",  you  know,  as  it  iB  signal  cancel¬ 
lation  (jamming  signal,  a  composite  of  several  sources  perhaps)  -  extensions  go 
to  other  forms  of  adaptation  -  the  multi  path-effect  reduction  work  of  Warren 
White,  the  partial  adaptive  array  work  of  Ross  Turner  at  CRC-Ottawa  and  the 
Aperture  Signal  Processing  of  ITT's  STL  Harlowe  division  in  England. 

Incidentally,  the  precision  feed  and  reflector  design  of  the  British  STIR 
made  it  quite  heavy  in  its  early  version, particularly  with  its  shipboard  stabiliz¬ 
ing  apparatus  included  -  one  needs  to  keep  up  with  what  the  newer  materials,  the 
composites  and  matrix  materials  can  offer  in  lighter  weight  designs,  structurally 
as  rigid  and  precise. 

A  further  discomfort  with  these  extraordinary  low  sidelobe  designs  ?.s  the 
sensitivity  to  siting,  to  nearby  objects  -  several  have  found  that  objects  near¬ 
by  can  cause  a  pattern  degradation  that  is  more  severe  over,  also,  a  wider  angle 
than  the  degradation  similarly  induced  to  an  antenna  of  less  ambitious  excitation 
control.  This  concern  of  the  user'in  siting  makes  one  wonder  if  a  localized 
parameter  store  wouldn't  be  desirable,  a  sort  of  burned-in  weighting  or  auxiliary 
control  specifically  tailored  to  the  site.  The  term  "parameter  store"  conjures 
the  memory  of  the  measured  pattern  store  used  in  the  SPG-59  experimental  phased 
array  (spherical)  radar  of  the  later  aborted  Typhon  weapon  system  of  the  early 
1960's  in  the  Navy  -  occupied  two  semi-trailers  or  some  such  on  the  deck  of  the 
demonstration  ship  -  scaring  us  all  away  from  radar  processes  that  would  require 
"parameter  storage"  -  but  we  should  be  alert  to  the  fact  that  today,  such  storage 
would  require  nothing  of  the  sort  and  might  be  quite  attractive  indeed  -  technology 
has,  perhaps,  made  it  so. 


I  said  I'd  return  to  the  matter  of  antennas  being  (obviously)  exposed  -  we've 
been  concerned  over  their  inherent  survivability.  As  this  subject  is  treated, 
from  time  to  time  one  encounters  a  "there's  obviously  nothing  we  can  do  about 
the  an  ennas*  comment  -  a  first  blush  -  that's  just  not  so.  Some  imagination 
in  survivable  antennas,  new  materials  again,  buc  also  new  forms  -  the  feed  kept 
in  a  well  armored  mount  (pedestal)  with  the  reflector  extended  (easily  replace¬ 
able?)  makes  more  sense  perhaps  than  the  common  extension  of  a  waveguide  run  and 
feed  horn  in  front  of  a  centered  reflector  which  I  assume  was  an  earlier  cg-over- 
the-axis  desire  perhaps  not  so  neces'sary  today. 

While  still  on  the  reflectors  or  "conventional"  antennas,  I  want  to  give 
some  credit  to  those  pursuing  the  "mirror  scan"  techniques  -  some  qualification, 
however.  When  couched  in  terms  of  a  regular,  continuous,  eay  360°,  scanning 
antenna  for  air  or  surface  search  I  fail  to  see  much  appeal  -  BUT  -  when  the  low 
inertia  mirror  above  is  caused  to  flit  rapidly  about  (without,  you  see,  moving 
the  feed  at  all  -  and  withits  reflective  2:1  angle  advantage,  beam  position  per 
unit  mirror  position)  then  I  believe  we're  on  the  right  track  for  something  con- 
cributive,  something  more  coward  dwell  matching  to  our  heterogeneous  surroundings. 
All  the  difference  in  the  world  to  me  between  those  two  kinds  of  applications. 

Our  mentioning  adaptive  processing  of  one  type  or  another  brings  to  mind  one 
other  variable  that  remains  basically  under  antenna  control  and  which  one  wonders 
rf  we’re  exploiting  to  full  advantage  -  I'm  refering  tc  polarization  -  we  do  very 
little  with  it  as  a  controllable  characteristic  in  Navy  radars,  yet  there  must 
be  strategies  to  employ  gainfully.  The  paper  by  Gary  Evans  and  Hoover  of  Westing- 
house  in  1980  (this  conference)  attests  to  method,  that  in  admittedly  a  phased 
array  context,  and  to  method  being  a  bit  complex.  Polarization  control,  adaptivity 
-  nor  well  exploited,!  think,  in  fielded • systems  of  either  simple  or  array  antenn 

As  long  as  I've  mentioned  phased  arrays,  perhars  we'd  better  move  right  in 
to  that  subject. 

Little  has  changed  the  field  of  autenna  design  so  profoundly  as  has  the  ad — 
vent  of  the  phased  array  -  think  of  if.  determined  illumination  function,  adapta¬ 
tion  possibilities  in  elemental  control,  inercialess  beam  positioning,  data 
dependent  immediate  operations  -  and  indeed  it  has  been  so,  witness  the  SPY-1  of 
AEGIS  among  others.  Match  with  this  antenna  to  the  heterogeneous  surroundings. 
Finally,  how  like  the  antenna  operation  in  nature,  in  insects  responsive  to  that 
being  sensed  and  rarely  if  ever  scanning  in  some  orderly  left-to-right  for-want- 
of-better-3trategy  manner.  And,  by  its  nature,  we  antenna  engineers  have  been 
brought  back  into  che  factory,  piecepart  design  and  construction  much  more  com¬ 
plex  than  that  involved  in  other  antenna  ("conventional")  production.  Now  therein 
lies  a  problem  -  cost.  Those  of  us  users  happiest  with  the  system  behavior  phased 
arrays  have  brought  us,  should  be  as  unhappy  at  the  price  that  must  be  paid  to 
purchase  them  -  millions  of  dollars  per  face  in  practice  -  not  a  proud  scene. 
Obviously  the  community  must  "R&D  the  cost  down"  to  stretch  for  a  verb  (pardon)  - 
not  indict  phased  array  use  to  the  degree  some  do,  but  to  help  reduce  coftt 
This  "factory  process"  was  in  the  development  at  RCA  of  the  SPY-1  arrays  quite 
an  awakening  for  me  -  went  from  exhaustive  trade  offs  on  p_<per  comparing  the  cost 
of  ferrite  and  of  garnet  material  weighing  same  against  certain  thermal  character! 
ties,  to  a  realization  within  a  year  that  if  the  materials  hod  been  free  the  array 
would  still  have  cost  millions  -  soon  we  were  legitimately  into  vendor  defaults, 
factory  work-around  plans,  incoming  inspection  and  chancey  sampling,  test  with 
statistical  foundation  and  so  on.  In  addition  to  this  RCA  experience,  we've 
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tried  to  sustain  an  interest  and  some  investment  in  alternatives  -  the  micro- 
wave  group  at  Hughes  Fullerton  has  always  been  helpful,  a  good  mix  of  pure  micro- 
wave  theory  and  manufacture.  The  thick  film  on  alumina  circuitry  for  phased 
arrays,  possible  after  they  solved  the  conductor  edhesion  problem  in  one  com¬ 
pound  a  few  years  ago,  is  an  example.  Also,  I  was  there  recently,  being  shown 
some  diodes  suitable  for  the  phase  shift  function  in  a  module  -  but  which  "diodes" 
were  of  considerable  dimension, little  rectangular  prisms,  not  at  all  the  fly 
spec  more  commonly  seen.  "0h,“  it  was  explained  to  me,  "that's  the  way  we've 
ordered  them  from  the  supplier,  in  mi  encapsulation  such  that  the  robot  can  grab 
them  in  the  manufacture  of  the  modules."  A  small  matter,  but  impressed  me  well. 

I  might  state  that  here  is  a  role  of  engineering  not  very  well  represented 
in  the  symposium  or  in  others  like  it,  I  suppose  -  easily  could  a  session  here 
have  been  justified,  a  session  in  "antenna  manufacture"  -  it's  8£  important,  so 
much  a  part  of  "complete"  engineering  that  I  would  encourage  such  consideration 
next  time.  Probably  difficult  to  get  too  far  into  what  industry  may  regard  as 
proprietary,  but  nonetheless  I  think  you  should  try  to  treat  the  subject.  We 
should  all  try  to  dramatize,  lend  some  excitement  to  this  important  part  of 
engineering.' 

A  few  things  that  have  a  cost  reduction  potential  (but  precious  few)  have 
caught  my  eye  in  the  last  decade.  While  we  may  legitimately  include  amplifiers 
in  arrays  for  certain  whole-system  advantages,  that  isn't  going  to  do  much  to 
reduce  array  cost.  If  anything,  cost  will  remain  somewhere  around  the  sum  of 
the  costs  of  an  array  and  a  transmitter;  this  is  expected  since  an  amplifying 
array  will  still  be  element  emphatic.  There's  another  branch  of  pursuit,  however, 
in  which  fixed  aperture  operation  is  achieved  with  more  "amorphous"  structures, 
perhaps  not  arrays  in  the  piece  part  design  and  construction  at  all.  The  RADANT 
approach  of  AMP  in  Paris  was  of  some  interest  to  me  several  years  ago  largely 
because  it  was  different,  a  break  away  from  building  and  stacking  phase  shifers. 
This  control  of  the  permitivity  of  large  dielectric  sheets  in  which  varactor  diodes 
are  strung  on  thin  control  wires  (tape-like)  in  a  grid  is  not  without  design 

problems  and  limitations  -  and  perhaps  fine  granularity  and  excitation  control _ 

will  be  forever  difficult  -  but  it  was  imaginative  and  for  some  radar  applications 
perhaps  suitable  now.  While  hardly  "amorphous",  there  surely  is  simplicity  to 
some  of  the  micro-strip  approaches  such  as  the  Ball  Aerospace  conformal  array 
matters  presented  here  in  1980.  For  just  plain  being  different,  I've  got  to 
cite  the  "array"  described  as  the  "crow's  nest"  by  Wilder  of  FFM  in  Germany 
(1980  IEEE  International  Radar  Conference). 

Still  with  regard  to  cost,  one  needs  to  cite  the  1970' s  successful  develop¬ 
ments  in  the  testing  of  phased  arrays  -  whether  you're  thinking  of  proof  of  develop 
ment  and  design  verification,  or  of  acceptance  testing  for  arrays  in  production, 
or  of  diagnostics  at  a  nearly  per-element  level,  the  comparison  between  what  we 
did  on  a  multi-axis  step  rotation  mount  big  enough  to  take  patterns  in  the  con¬ 
ventional  way  on  the  16,000-lbs  original  SPY-1  antenna  (including  the  torment 
we  went  through  to  determine  what  sampling  of  patterns  to  do  in  the  first  place) 
and  what  can  be  done  at  the  near-field  test  facility  now  at  RCA  brings  credit 
indeed  to  what  ir»  my  experience  were  the  efforts  of  Georgia  Tech,  the  National 
Bureau  of  Standard*  (Boulder),  Jan  Snieder  in  the  Netherlands,  Bill  Patton  at 
RCA  and  others (Hughes  in  Firefinder  testing,  for  example)  contributing  to  this 
technique.  I  note  that  several  papers  concerning  this  subject  are  to  be  given 
here  on  Friday. 
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Finally,  another  word  on  phased  arrays,  on  fielding  them  (a  word  good  for  any 
antenna,  actually,  ~  any  piece  of  military  equipment)  -  we  must  expect  the  unex¬ 
pected.  I'm  ‘eminded  of  our  early  1960's  experiences  at  NRL  with  the  Blass  re- 
flect-array  (diode  controlled  short  circuit  for  reflective  position  in  the  necks 
of  waveguide  horns  constituting  each  element)  when  Keith  Meads  called  me  at  BuShips 
to  indicate  we  had  a  problem,  a  noise,  source  "jamming"  in  effect  radar  reception  - 
the  source  appeared  to  be  in  the  array  itself  and,  curiously,  active  in  the  re¬ 
ceive  period  to  be  sure,  but  only  after  transmissions  -  couldn't  be  duplicated 
or  caused  in  receive-only  operation  of  the  array.  Seems  one  phase  shifter  -  one 
diode  -  had  developed  a  bit  of  an  ionized  or  carbonized  path  around  the  junction 
such  that  the  several  hundred  volts  of  back  bias  (if  that  were  the  state  involved) 
was  not  enough  to  cause  conduction  to  initiate,  but  was  enough  to  sustain  the  break¬ 
down  if  the  added  r.f.  field  during  transmit  were  enough  to  trigger  conduction  - 
and  it  was.  Here,  then  an  example  of  one  phase  shifter,  among  over  2000,  causing 
complete  array  failure  -  yet  how  often  have  we  all  used  the  old  refrain  "of  course, 
the  array's  performance  is  not  appreciably  degraded  with  even  10%  of  the  elements 
failed".  Of  course,  we  mean  passive  benign  failures  in  that  claim  -  yet  that 
isn't  necessarily  how  they  fail,  or  can  fail,  evidenced  the  Blass  experience;  one 
more  "active"  failure  or,  similarly,  less  than  10%  in  some  orderly  way  (a  region, 
a  periodic  structure,  a  row)  can  be  a  more  serious  matter,  perhaps  induced  by  a 
control  or  feed  failure  with  localized,  not  rmdom,  consequences. 

Oh  -  but  in  general  we've  come  a  long  way,  haven't  we,  from  the  time  just 
twelve  or  so  years  ago  when  the  assertion  of  phased  array  suitability  was  met 
with  the  user  comment  "but  how  will  I  know  it's  forming  a  beam?"  -  no  reflector 
to  look  at! 


Now  to  wrap  up  -  I've  keynoted,  so  I  guess  I  should  rattle  off  the  key  notes 
I've  sounded,  key  words  from  this  address: 

Antenna's  nature  -  element  of  signal  processing  whose  spatial  *~ 

transfer  function  is  of  interest 


low  sidelobe  design,  precision,  heavy,  new  materials,  site  sensitivity, 
can  be  adapted  out?  aided  by  use  of  "parameter  store"? 


mirror  scan  use:  irregular  scan 
polarization  control  well  exploited? 

arrays  -  cost,  the  factory  process,  R&D  the  cost  down,  the  factory 
process  as  crucial  and  exciting  engineering,  dare  to  be 
different  in  research  -  like  RADANT,  Crow's  Nesu,  huzzah 
for  near  field  testing; careful  of  the  10%  rule,  that's 
not  what's  going  to  happen 


My  thanks  to  those  who  invited  me  to  speak  to  you  and  to  you  kind  enough  to 
listen.'  Good  luck  in  what  promises  to  be  a  splendid  conference. 
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face  of  aircraft  volume,  weight,  and  environmental  restrictions  that  call 
for  unique  solutions. 
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In  particular,  synthetic  aperture  radar  (SAR),  which  has  been  used  in  ^ 
Goodyear  Aerospace  Corporation-produced  operational  reconnaissance  r»- 
dars  such  as  the  AN/UPD-8  since  the  mid  1960s,  will  be  used  in  fire  con-  „  .. 
trol,  weapon  delivery,  and  higher  performance  reconnaissance  radars.  In¬ 
stantaneous  bandwidtbs  in  excess  of  100  megahertz  (MHz)  will  be  required  J, 
for  range  resolution;  wide  angle  scan  will  provide  aircraft  motion  compen¬ 
sation,  target  acquisition,  tracking  and  identification;  and  sidelobe  control 
will  be  necessary  for  aircraft  survivability.  '=• 

The  next  generation  reconnaissance  aircraft  will  have  interchange¬ 
able  pods  holding  a  variety  of  sensors.  Antennas  must  be  compatible  with 
pod  diameters,  compete  with  other  electronics  for  area  and  location,  and 
operate  in  a  nonpressurized  environment  over  temperature  extremes. 

Phased  arrays  have  promised  to  satisfy  many  cf  the  requirements,  but 
have  been  plagued  by  cost,  weight,  environmental,  power,  and  performance 
problems. 

This  paper  will  describe  a  Goodyear  Aero  space- sponsored  Rotman 
lens  phased  array  suitable  as  a  prototype  for  an  antenna  for  a  pod-mounted 
reconnaissance  radar.  This  single  axis  scanned  array  offers  a  cost- 
effective  alternative  to  a  phased  array,  and  for  wideband  systems  can 
provide  superior  performance. 

2.  PERFORMANCE  REQUIREMENTS 

On  the  basis  of  assumptions  made  regarding  the  performance  require¬ 
ments  of  future  reconnaissance  radars  a  set  of  minimum  antenna 
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performance  requirements  was  generated  which  are  representative  of  the 
requirements  for  an  advanced  pod-mounted  system  operating  in  X-band. 
The  results  are  presented  in  Table  1.  Also  considered  were  the  physical 
and  environmental  constraints  imposed  by  a  pod  installation  which  are  pre¬ 
sented  in  Table  2. 

3.  CONCEPTUAL  DESIGN 

3.1  General  -  In  anticipation  of  the  operational  needs  of  next  generation 
reconnaissance  radars  Goodyear  Aerospace  sponsored  a  study  to  define  an 


TABLE  1  -  MINIMUM  ANTENNA  REQUIREMENTS 


Gain 

—  33  dB 

Azimuth  beam  width 

s  1.8  deg 

Azimuth  sidelobes 

s-18  dB 

Azimuth  beam  pointing 

±20  deg  both  sides  of  aircraft 

Elevation  beamwidth 

Shaped  or  selectable 

Elevation  sidelobes 

s -13  dB 

Elevation  beam  pointing 

±25  deg  both  sides  of  aircraft 

Instantaneous  bandwidth 

=  120  MHz 

TABLE  2  -  PHYSICAL  ANTENNA  CONSTRAINTS 


Volume 

27-in.-dia  x  72-in.-long  cylinder 

Weight 

s  250  pounds  (lb) 

Altitude 

—  40,000  feet  (ft) 

Temperature 

-65  deg  Centigrade  (C)  minimum,  +125  deg  C  maximum 
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optimum  antenna  approach  for  these  applications.  Tradeoffs  were  per¬ 
formed  among  various  antenna  types  including  mechanically  steered  reflec¬ 
tors  and  arrays  and  electronically  scanned  arrays  (ESAs).  The  outcome  of 
this  effort  was  a  concept  for  a  lens-fed  planar  array  which  achieved  azi¬ 
muth  scanning  through  the  motion  of  a  small  feed  horn  within  the  antenna 
envelope.  By  realizing  beam  scanning  without  physically  steering  the  an¬ 
tenna,  the  swept  volume  demands  of  the  antenna  were  minimized  and  the 
available  aperture  was  maximized.  By  relying  on  a  mechanical  approach 
the  cost/ complexity  penalties  of  electronic  scanning  wore  avoided.  The 
true  time  delay  nature  of  the  scanning  produced  in  this  manner  and  reli¬ 
ance  on  TEM  propagation  paths  throughout  the  lens  results  in  an  inherently 
'vide  bandwidth. 

Elevation  beam  steering  would  be  accomplished  by  conventional  roll 
axis  control  and  elevation  beam  selection  is  employed  in  preference  to 
beam  shaping  because  of  the  left/ right  look  direction  requirement.  The 
advantages  offered  by  this  concept  were  sufficiently  compelling  to  warrant 
development  of  a  prototype  model  with  the  antenna  performance  require¬ 
ments  set  forth  earlier  serving  as  performance  objectives.  A  drawing  of 
the  prototype  concept  illustrating  the  key  development  areas  is  shown  in 
Figure  1. 

3.2  Lens  Concept  -  The  backbone  of  the  candidate  approach  is  the  wide 
angle  constrained  microwave  lens  used  to  feed  the  planar  array.  Con¬ 
strained  microwave  lenses  are  characterized  by  the  fact  that  they  do  not 
obey  Snell’s  Law,  the  feature  which  results  in  their  wide  angle  scanning 


Figure  1  —  Rotman  Lens  Phased  Array 
properties.  Snell's  Law  is  drcunaented  by  establishing  fjwed  path  lengths 
(transmission  line  connections)  between  corresponding  points  on  the  two 
surfaces  (or  contours)  of  the  lens.  Under  these  conditions  lens  performance 
becomes  dependent  on  specification  of  the  inner  and  outer  lens  contours, 
the  path  length  variation  and  position  within  the  lens,  and  the  foe  il  path. 
Ruze*  studied  constrained  lenses  having  collinear  constant  electrical 
length  paths  between  inner  and  outer  lens  faces  which  produced  a  lens 
design  having  two  points  of  perfect  focus  located  symmetrically  with 
respect  to  the  axis.  A  lens  configuration  offering  performance  advantages 
over  the  Ruze  type  was  investigated  by  Rotman  and  Turner^.  Figure  2 
depicts  the  Rotman  lens  configuration  schematically  using  his  notation. 
The  optimum  focal  path  for  the  Rotman  lens  is  a  circular  arc,  R,  passing 
through  the  three  perfect  focal  points,  F  j,  G,  and  F^ 
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Figure  2  —  Rotman  Lens  Concept 
4.  IMPLEMENTATION 

4.1  Block  Diagram  -  A  functional  description  of  the  main  developmental 
areas  associated  with  implementation  of  the  Rotman  lens  phased  array  is 
presented  here,  with  a  more  detailed  discussion  of  design  considerations 
following. 

The  radiating  aperture  is  a  54-in.  long  by  18-in.  high  assembly  of 
80  vertical  radiators.  Each  vertical  radiator  consists  of  20  contiguous 
open-ended  waveguide  elements  joined  on  their  narrow  walls  and  is  con¬ 
nected  to  a  power  divider  assembly  containing  one  16-way  and  one  four- 
way  corporate  power  divider  network,  and  a  three-way  switch.  The  20 
outputs  of  the  power  divider  network  transition  to  the  20  waveguide 
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elements  of  the  vertical  radiator.  The  three-way  switch  permits  selection 
of  either  4-,  16-,  or  20-element  vertical  apertures. 

The  input  of  each  vertical  power  divider  assembly  connects  to  the 
output  of  a  "bootlace"  lens  element,  a  length  of  semirigid  coaxial  cable  cut 
to  a  dimension  determined  from  the  lens  design  equations  based  on  its  posi¬ 
tion  witnin  the  aperture.  The  input  end  of  the  bootlace  lens  is  in  turn  con¬ 
nected  to  the  output  of  the  parallel  plate  region  through  an  array  of 
E- field  probes  extending  into  the  parallel  plate  region  along  a  contour,  and 
at  intervals,  specified  by  the  lens  design.  The  parallel  plate  region  is  ter¬ 
minated  by  a  reflecting  surface  behind  the  probe  array  which  corresponds 
to  the  inner  lens  contour. 

To  accommouate  the  37-in.  focal  length  of  the  lens  within  the  27-in. 
dia  allocated  „o  the  antenna,  the  parallel  plates  are  folded.  The  input  end 
of  the  parallel  plate  region  is  open  to  permit  traversal  by  the  feed  horn 
which  illuminates  the  lens.  The  H-plane  laed  horn  extends  into  the  parallel 
plate  region  and  travels  on  a  track  mounted  to  an  oute-  surface  of  the 
parallel  plates  with  a  contour  corresponding  to  the  focal  arc  of  the  lens 
system.  The  feed  horn  is  driven  by  a  direct  current  (DC)  torque  motor 
through  a  steel  band  drive.  Position  is  controlled  by  a  feedback  loop  and 
position  sensing  is  accomplished  by  means  of  a  linear  sensor  mounted 
uirectly  to  the  drive  track.  Connection  of  the  microwave  signal  to  the 
moving  feed  horn  is  through  an  articulating  waveguide  assembly  comprised 
of  three  rotary  joints  and  interconnecting  waveguide.  A  stationary  wave¬ 
guide  run  connects  the  articulating  waveguide  assembly  with  the  antenna 
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input  through  a  roll  axis  rotary  joint  in  the  rear  mounting  plate*  A  DC 
torque  motor  provides  the  roll  axis  drive.  Mounting  of  the  antenna  is  by 
means  of  forward  and  aft  mounting  plates.  The  antenna  is  enclosed  in  a 
thin-walled  composite  cylinder  for  pressurized  operation  in  a  nonpressur- 
ized  pod. 

Overall  antenna  length  including  the  fore  and  aft  mounting  plates  is 
68  in.  The  maximum  diameter  is  25  in.  at  the  rear  plate.  The  microwave 
section  is  13. 5- in.  deep  including  feed  waveguide  and  will  roll  within  a 
10.7-in.  radius. 

Front  and  rear  views  of  the  antenna  are  shown  in  Figure  3.  The  front 
view  shows  the  radiating  array  and  the  vertical  power  dividers,  while  the 
rear  view  is  ot'  the  complete  antenna  less  the  pressure  cylinder  and  forward 
mounting  plate.  Figure  4  is  a  section  through  the  vertical  midplane  of  the 
antenna  showing  the  folded  lens,  bootlace  cables,  and  vertical  assembly 
relations  hips. 

4.2  Lens  System  Design  - 

4.2.1  Lens  Parameters  -  The  choice  of  lens  parameters  will  depend  upon 
the  design  scan  angles,  maximum  desired  scar,  angle,  lens  depth,  and 
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numcer  of  radiators  and  can  be  established  by  analysis  .  In  addition,  the 
aperture  illumination  us  a  function  of  the  feed  hern,  lens  output  curve,  and 
scan  angle  must  also  be  considered. 

The  antenna  azimuth  dimension  had  been  fixed  at  54  in.  by  available 
mechanical  space,  with  a  total  of  80  radiators  from  radiator  voltage  stand- 
in;  wave  ratio  tVSWR)  calculations.  Additional  tradeoffs  established  that 


Figure  4  —  Antenna  Cross  Section 


G  =  36.956  in.,  F  --  33.75  in.,  and  o  =  30  degrees  would  provide  acceptable 
aperture  phaae  errors  for  all  scan  angles  over  a  0  to  ±38-deg  region  and  a 
mechanical  geometry  suitable  for  folding. 

Additional  calculations  were  made  of  sidelobes,  beam  width,  and  gain 
loss  expected  for  various  scan  angles  and  feed  horn  aperture.  Typical  data 
is  shown  in  Figure  5  and  the  expected  antenna  performance  for  the  selec¬ 
ted  horn  dimensions  is  given  in  Figure  6.  Performance  obtained  with  the  2 r 
in.  aperture  horn  was  considered  a  beat  compromise  between  beam  width, 
sidelobe,  and  relative  gain  loss,  baaed  vqpon  expected  overall  radar 
performance. 

Calculations  were  also  performed  to  establish  feasibility  of  a  low 
sidelobe  ( «40  dB)  antenna,  and  while  the  data  indicated  that  this  level  was 
achievable,  a  low  sidelobe  design  was  not  pursued  an  this  effort. 
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Figure  5  —  Computed  Lens  Performance  for  Horn  Feed 
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Figure  6  —  Expected  Performance  for  Selected  Feed 
4.2.2  Lena  Output  Probes  and  Cables  -  The  output  probes  in  a  Rotiiian  lens 
are  r»ot  uniformly  spaced,  b  it  rather  are  a  function  of  radiator  location 
from  the  centerline.  The  spacings  for  this  design  are  shown  in  Figure  7. 

Large  spacings  on  the  edge  probes  can  lead  to  a  grating  lobe  being 
generated  internally  in  the  parallel  plate  region  which  would  degrade  the 
radiated  pattern  and  gain  data.  The  incidence  angle  at  which  the  grating 
lobe  will  enter  visibile  space  is 
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where  S  is  the  average  spacing  to  the  adjacent  probes. 

Incidence  angles  between  each  probe  and  the  horn  are  shown  in 
Figure  8  for  four  scam  angles.  The  use  of  this  data  and  Equation  (1)  estab¬ 
lished  that  no  more  tham  four  probes  up  to  a  scan  angle  of  30  deg  and  six 
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Figure  8  —  Probe  Incidence  Angle  from  Horn 


sin  Q  = 


where  a  is  tne  guide  width.  In  theory  any  angle  of  incidence  can  be 
simulated,  provided  higher  order  modes  are  suppressed  and  the  probe  spac¬ 
ing  being  simulated  is  maintained  by  use  of  multiple  probes  when  required. 

The  probe  was  matched  to  a  VSWR  of  'under  1.10  at  an  incidence 
angle  of  31  deg  by  adjustment  of  the  distance  between  the  probe  and  the 
end  short  plate,  and  by  addition  of  a  capacitive  button  to  the  probe  tip. 
Incidence  angles  less  than  31  deg  were  expected  to  also  have  an  acceptable 
VSWR. 

The  bootlace  cables  are  standard  UT-141  semirigid  with  solid  dielec¬ 
tric.  A  number  of  alternates  were  considered,  but  all  were  either  too  ex¬ 
pensive  to  offset  any  performance  improvements,  were  supplied  only  in 


precut  lengths  with  connectors  attached,  or  did  not  exhibit  good  phase 
stability  during  environmental  testing. 

Good  phase  stability  in  the  selected  cable  was  achieved  by  an  initial 
heating  of  the  cables  to  an  elevated  temperaure,  trimming  off  the  extruded 
teflon,  and  attachment  of  the  SMA  connectors.  Additional  tests  over  a 
wide  range  of  temperatures  demonstrated  that  the  cable  phase  could  be 
controlled  to  better  than  3  deg  using  this, technique. 

4.2.3  Lens  Folding  -  A  major  obstacle  to  be  overcome  in  the  implementa¬ 
tion  of  the  lens  fed  array  was  accommodation  of  the  parallel  plate  propar 
gation  region  within  the  antenna  envelope.  For  acceptable  phase  deviation 
and  scan  angle  results,  a  lens  F/D  =  0.7  was  required^  which  posed  a  space 
factor  problem.  The  most  acceptable  solution  to  this  problem  was  to  fold 
the  parallel  plates.  However,  the  bend  introduced  by  folding  creates  a 
phase  shift  which  will  be  dependent  on  the  angle  of  incidence,  6.,  at  the 
bend.  Because  3^  will  be  both  probe  number  and  scan  angle  dependent, 
compensation  will  be  difficult.  Calculations  showed  that,  for  a  ±30-deg 
scan,  0i  will  vary  from  0  to  30  deg  for  probes  near  the  lens  center,  and 
from  30  to  70  deg  for  edge  probes.  The  largest  differential  change  is  on 
the  order  of  40  deg. 

Computation  of  the  phase  shift  was  made  by  two  methods.  The  first 

4 

used  equations  in  Marcuvitz  for  am  E-plane  waveguide  bend,  with  changes 
in  6.  made  by  adjustment  of  the  waveguide  width.  The  second  method 
(Bahar")  required  solving  the  wave  equation  in  cylindrical  coordinates. 
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Because  the  bend  angle  can  assume  any  angle,  the  solution  requires  Hankel 
functions  of  real,  non-integer  order. 


4 


The  two  solutions  are  compared  in  Figure  9  for  a  180-deg  E-bend 

with  a  1-in.  centerline  bend  radius  and  0.5-in.  plate  separation.  The  agree* 

4 

ment  is  well  within  acceptable  tolerances,  and  Marcuvitz  equations  were 
subsequently  incorporated  into  the  lens  design  computer  program. 

Several  approaches  to  fabricating  the  folded  parallel  plates  were 
investigated.  The  approach  which  best  met  the  requirements  of  low 
weight,  low  propagation  loss,  structural  integrity  and  intraplate  alignment 
without  intraplate  support,  was  a  precision  assembly  of  10  aluminum  nu¬ 
merically-controlled  machinings.  Alignment  is  controlled  through  the  inner 
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Figure  9  —  Phase  Shift  Difference  Between  Unfolded  and 

< 

Folded  Parallel  Plate  at  180-Deg  E-Plane  Bend 
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and  outer  bend  sections  and  the  end  caps  which  tie  them  together.  The  flat 

•V* 

plate  sections  bolt  to  the  bends  with  close  tolerance  tongue  and  groovr 
joints  ensuring  alignment.  An  optimum  balance  between  wei^fct'and  struc¬ 
tural  integrity  was  achieved  by  machining  a  quilted  pattern  on  the  outer 
surfaces,  thereby  incorporating  integral  structural  stiffeners.  Plate  thick¬ 
ness  between  the  structural  stiffeners  was  reduced  to  0.020  to  0.030  in. 
4.2.4  Feed  Horn  -  A  conventional  H-plane  flared  horn  with  a  2-  by  0.4-in. 
aperture  was  used  as  the  lens  feed.  Quarter- wave  chokes  were  used  to 
reduce  radio  frequency  (RF)  breakdown  potential  between  the  horn  and  the 
parallel  plates.  Teflon  buttons  on  both  top  and  bottom  of  the  hom  worked 
as  a  low-friction  contact  and  centering  mechanism  between  the  plates. 

Initial  lens  calculations  used  a  theoretical  H-plane  hom  pattern. 
After  selection  of  the  2-in.  aperture  was  made,  a  number  of  horn  patterns 
were  measured  in  a  parallel  plate  and  used  to  further  refine  the  calculated 
perform  ance. 

Feed  horn  positioning  required  special  attention.  A  search  for  a  suit¬ 
able  means  of  position  sensing  led  to  a  device  known  as  the  Inductosyn, 
manufactured  by  Farrand  Controls.  The  Inductosyn  provides  highly  precise 
linear  position  sensing  and  permits  the  position  sensing  to  be  accomplished 
directly  at  the  feed  horn.  The  Inductosyn  consists  of  a  stationary  printed 
circuit  approximately  0,5-in.  wide  extending  the  length  of  the  feed  horn 
track,  a  sensing  element  which  mounts  to  the  feed  hom,  and  remote 
electronics.  The  overall  closed  loop  horn  positioning  accuracy  is  on  the 
order  of  ±0.004  in.,  which  is  equivalent  to  a  worst-case  angular  uncertainty 
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of  ±1  arc  minute  (0.017  deg).  The  Inductosyn  was  chosen  over  comparable 
optical  sensors  because  of  its  tolerance  to  accumulated  surface  contami- 
nants  as  well  as  its  tolerance  to  wide  temperature  excursions. 

Another  aspect  of  the  feed  hom  positioning  problem  is  the  design  of  a 
transmission  line  connection  between  the  roll  axis  rotary  joint  (the  antenna 
system  input)  and  the  feed  hom  which  is  capable  of  accommodating  the 
wide  range  of  feed  hom  motion.  High  power  handling  capability,  low  loss, 
and  reliability  were  the  governing  design  considerations.  The  approach 
followed  which  produced  excellent  results  was  an  articulating  waveguide 
assembly  made  up  of  two  movable  waveguide  sections  connected  to  each 
other  and  to  the  hom  and  stationary  input  waveguide  by  three  rotary  joints. 

The  feed  hom  mounts  to  a  hardened  V-groove  track  via  rollers.  The 
feed  horn  track  is  concentric  with  the  focal  arc  and  is  positioned  so  that 
the  feed  hom  phase  center  falls  on  the  focal  arc.  The  feed  hom  is 
positioned  by  a  servoloop  consisting  of  a  steel  tape  drive  band  connected  to 
a  DC  torque  motor  with  the  Inductosyn  providing  the  loop  error  signal.  The 
loop  electronics  are  contained  in  a  separate  antenna  control  unit  located 
remote  from  the  antenna. 

4.3  Array  Design  - 

4.3.1  Waveguide  Radiator  -  The  radiator  is  an  open-ended  waveguide.  The 
dimensions  are  shown  in  Figure  10  and  were  analyzed  using  Diamond’s^ 
infinite  array  analysis.  The  computed  E-plane  scan  admittance  normalized 
to  the  waveguide  is  also  shown  in  Figure  10. 


(A)  SINGLE  CELL  DIMENSIONS 


(B|  WAVEGUIDE  INPUT  ADMITTANCE 


Figure  10  —  Waveguide  Infinite  Array  Admittance 
4.3.2  Vertical  Radiating  Assembly  -  Selection  and  design  of  the  vertical 
radiating  assembly  involved  a  significant  part  of  the  total  antenna  design 
effort.  Because  the  antenna  contained  SO  of  the  assemblies,  weight  and 
total  cost  of  the  design  would  be  critical  to  overall  antenna  success.  In 
addition,  total  insertion  loss  must  also  be  minimized. 

Each  vertical  assembly  contained  20  open-ended  waveguide  radiators, 
an  airstrip  power  divider  with  an  integral  stripline  to  waveguide  transition, 
a  three-way  stripline  mechanical  switch,  and  the  coax  to  stripline  input 
connector.  The  assembly  is  shown  in  exploded  form,  minus  the  airstrip-to- 
switch  card  finger  contacts,  in  Figure  11. 

Mechanical  design  of  the  array  addressed  several  objectives.  It  was 
desired  that  the  array  have  inherent  structural  integrity  and  that  it  con¬ 
tribute  to  the  basic  structural  stiffness  of  the  entire  antenna  assembly  with 
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Figure  11  —  Vertical  Power  Divider  Assembly 


a  minimum  of  additional  structure.  Assembly  of  the  array  should  be 
straightforward  with  a  minimum  of  fixturing  or  specialized  alignment  and 
fitting  techniques.  Weight  and  cost  were  to  be  minimized. 

The  answer  to  these  objectives  was  found  to  lie  in  the  design  of  a 
three-sided,  thin-walled  aluminum  extrusion  with  an  interlocking  edge 
design.  The  open-ended  waveguide  elements  are  formed  by  dip  brazing 
aluminum  partitions  into  the  extrusion  at  appropriate  intervals  to  provide  a 
single  vertical  element  of  the  array.  The  interlocking  edge  feature  satis¬ 
fies  the  ease  of  assembly  criterion  and  contributes  to  the  goal  of  inherent 

/ 

structural  integrity.  Low  cost  and  weight  are  inherent  in  the  use  of  an 
extrusion. 

A  waveguide  assembly,  including  partitions  and  holes  drilled  for 
alignment,  assembly,  and  the  waveguide-to-stripline  transition  is  shown  in 
Figure  12.  Mechanical  relationship  of  adjoining  extrusions,  waveguide-to- 
stripline  transition,  and  spacer  is  shown  in  Figure  13. 


33 


Figure  12  —  Radiator  Assembly 


MOTH 

Figure  13  —  Waveguide  to  Power  Divider  Assembly 
4.3.3  Elevation  Power  Divider  -  The  elevation  power  divider  is  balanced 
stripline  with  air  dielectric.  Ground  plane  spacing  is  0.200  in.  and  the  rec¬ 
tangular  center  conductor  is  0.050-in.  thick. 

Design  of  the  T-junctions  was  largely  empirical,  as  published  data  is 
not  accurate  for  cases  where  the  center  conductor  width  and  thickness 
becomes  an  appreciable  fraction  of  a  wavelength.  The  use  of  high  quality 
test  fixtures  and  an  automated  network  analyzer  for  removal  of  test  set 
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errors  was  found  to  be  essential.  In  addition,  all  dimensions  established  in 
the  laboratory  had  to  be  checked  using  end  mills  and  cutters  representative 
of  those  to  be  used  in  production,  to  optimise  performance  on  a  unit- to- 
unit  basis. 

The  center  conductor  is  supported  by  nylon  spacers  with  &  small  pin 
through  the  center  conductor.  The  capacitive  effect  of  the  pin  was  com¬ 
pensated  for  by  a  reduction  in  the  conductor  width  over  a  total  length  of 
approximately  A/4.  The  number  and  location  of  the  standoffs  was  based 
upon  a  vibration  analysis  and  an  allowable  deviation  of  the  center  conduc¬ 
tor  from  a  centered  location  between  the  ground  planes. 

The  stripline  to  waveguide  transition  is  an  integral  part  of  the  strip¬ 
line.  After  machining,  the  T-shaped  adapter  is  bent  at  a  right  ang.e  and 
inserted  through  a  hole  in  the  waveguide  wall.  A  spacer  bar  both  spaces 
the  groimd  planes  and  provides  a  square  coax  section  in  the  vicinity  of  the 
transition  to  suppress  higher  order  modes. 

Measured  VSWR  of  a  16-port  power  divider,  including  the  stripline  to 
waveguide  transition,  is  shown  in  Figure  14.  Similar  data  was  obtained  on 
the  fcur-port  divider. 

4.3.4  Elevation  Beam  Switch  -  A  mechanically  movable  stripline  card  is 
used  to  select  one  of  three  elevation  beams.  Contact  between  the  card  and 
the  power  divider  center  conductor  is  through  beryllium  copper  fingers. 

A  torque  motor  and  shaft  is  used  to  actuate  the  switches.  A  lever 
arm  connects  each  card  to  the  shaft,  and  the  card  is  constrained  in  lateral 
movement  by  nylon  rollers  located  between  the  ground  planes. 
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The  beryllium  copper  fingers  represented  a  significant  experimental 
design  effort  to  realize  a  design  capable  of  maintaining  contact  over  board 
variations  in  thickness,  warpage,  and  deflections,  while  at  the  same  time 
providing  acceptable  VSWR  and  insertion  loss  at  am  acceptable  manufactur¬ 
ing  price. 

Measured  VSWR  of  the  switch  card,  including  fingers  and  airstrip 
support  posts  located  next  to  the  card,  was  under  1.15  in  all  positions. 

An  additional  factor  was  the  angular  positioned  accuracy  of  the  card 
relative  to  the  fingers.  Tests  showed  that  misalignment  of  ±0.020  in.  was 
acceptable. 
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To  date  the  switches  have  been  actuated  several  hundred  times  with 
no  evidence  of  degradation.  This  has  included  operation  during  an  environ** 
mental  test  simulating  a  typical  aircraft  pod. 

4.3.5  Pressure  Cylinder  -  A  requirement  for  pressurization  is  imposed  by 
transmitter  peak  power  levels  and  operation  in  an  unpresaurized  pod  at  high 
altitudes.  The  impvacticality  of  pressurizing  the  basic  antenna  is  evident 
when  the  problem  of  sealing  the  feed  horn  access  to  the  parallel  plate 
region  is  addressed.  Pressure  containment  was  achieved  by  enclosing  the 
antenna  in  a  thin-wall  composite  cylinder  having  good  microwave  transmit 
sion  as  well  as  excellent  structural  and  temperature  properties. 

5.  ANTENNA  PERFORMANCE 

This  antenna  was  tested  on  a  2250-ft  range.  Both  transmit  and  test 
antennas  are  about  35  ft  above  flat  terrain.  The  range  has  been  used  for 
production  X-band  antenna  testing  for  about  eight  years,  and  has  measured 
amplitude  ripples  over  a  4-ft-high  by  8-ft-wide  aperture  of  0.5  dB 
maximum. 

Peak  azimuth  sidelobes  for  three  frequencies  and  a  scan  angle  of  +38 
to  -30  deg  are  shown  in  Figure  15  for  the  20-port  switch  position.  Very 
similar  data  was  measured  for  the  16-port  and  four-port  positions. 

Antenna  gain  loss,  measured  at  the  feed  horn  for  zero-deg  scan, 
ranged  from  -2.4  to  -3.0  dB,  relative  to  the  theoretical  aperture  gain.  An 
additional  0.9  dB  of  loss  occurred  in  three  azimuth  and  one  roll  axis  rotary 
joints,  and  over  5  ft  of  connecting  waveguide.  Typically,  scanning  to 
30  deg  introduced  an  additional  0.5  dB  of  loss,  with  0.7  dB  at  38  deg. 


37 


F.+MMHZ 


-JO  -20  -10  0  10  20  JO 

AZIMUTH  SCAN  ANGLE  (DEG) 


Fa-00  MHZ 


MM7-1I 


Figure  13  —  Peak  Azimuth  Sidelobes 
Typical  azimuth  and  elevation  patterns  are  shown  in  Figures  16 
through  22.  A  full  ±90-deg  azimuth  'cuj  is  shown  in  Figure  22.  Overall 
falloff  of  the  lobes  is  excellent  out  to  about  45  deg,  but  relatively  high 
lobes  are  present  in  the  45-  to  70-deg  region.  These  lobes  vary  in  ampli¬ 
tude,  but  in  general  are  present  for  all  scan  angles  measured.  Their  cause 
was  not  established,  but  could  be  due  to  an  illumination  error  over  the  lens 
probes  or  to  reflections  caused  by  extraneous  structure  around  the  antenna 
mount. 

3ecause  a  F.otman  lens  is  a  wideband  device,  data  was  measured  at  a 
frequency  10  percent  above  the  center  design  frequency.  Despite  known 
mismatches  in  the  elevation  power  divider,  the  beam  switch,  and  the  lens, 
no  azimuth  or  elevation  pattern  degradations  were  measured.  More 
importantly,  little  or  no  change  in  beam  position  was  measured,  further 
confirming  the  suitability  of  a  lens  as  a  wideband,  widescan  antenna. 
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Figure  17  -  Zero-Deg  Scan,  Frequency  =  F  ,  Elevation  Cut 
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Figure  18  —  Thirty-Deg  Scan,  Frequency  *  F  ,  Azimuth  Cut 


Figure  19  -  Thirty-Deg  Scan,  Frequency  =  F  ,  Elevation  Cut 
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Figure  20  —  Thirty-Deg  Scan,  Frequency  =  Fq-  60  MHz,  Azimuth  Cut 


Figure  21  —  Thirty-Deg  Scan,  Frequency  =  F  +60  MHz,  Azimuth  Cut 
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Figure  22  —  Zero-Deg  Scan,  Frequency  =  Fq,  Full  ±  90-Deg  Azimuth  Cut 
6.  PROD  Cj  CIBILITY 

A  major  concern  throughout  the  development  effort  was  producibility 
of  the  antenna  on  a  moderate  to  rge  scale  as  well  as  the  immediate  single 
unit  fabrication.  This  concern  is  reflected  in  several  aspects  of  the  me¬ 
chanical  design.  In  particular,  components  of  the  vertical  radiators  and 
power  dividers  were  designed  with  production  quantities  in  mind.  Both  the 
ground  planes  and  the  circuits  of  the  power  divider  networks  are  capable  of 
being  fabricated  by  precision  stamping  although  quantities  involved  in  the 
prototype  did  not  warrant  the  expenditure  for  tooling.  The  extrusion  ap¬ 
proach  to  the  vertical  radiators  is  another  example  of  a  manufacturing 
technique  suitable  for  volume  production. 

Assembly  was  addressed  again  in  the  area  of  the  multi-element  array. 
The  interlocking  edge  feature  of  the  vertical  radiators  and  the  repeating 
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planar  nature  of  the  power  dividers  both  contributed  to  a  simple  stacking 
assembly  procedure  which  did  not  rely  on  complex  fixturing  or  highly 
skilled  personnel. 

7.  SUMMARY 

This  paper  has  described  a  wideband,  wide  scan  antenna  with  applica¬ 
tion  to  pod-mounted  reconnaissance  radars.  A  folded  lens  as  a  perform¬ 
ance  effective  alternate  to  a  phase  shifter  scanned  array  has  been  demon¬ 
strated.  A  key  to  the  overall  success  of  the  antenna  was  a  philosophy 
which  emphasized  minimal  weight,  producibility,  and  suitability  for  produc¬ 
tion  daring  all  stages  of  development.  The  design  is  expected  to  be  readily 
adaptable  to  specific  program  requirements. 
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electronically  over  120°  in  azimuth  and  mechanically 
over  190°  in  roll.  It  consists  of  a  134"  wide  by  11" 
high  slotted  waveguide  aperture  at  X-band,  432  ferrite 
phase  shifters,  a  beam-steering  computer  and  a  dual 


mode  £eed.  It  performs  in  three  modes:  full  aperture 
transmit,  two-section  elevation  interferometer  receive, 
and  three  section  space  diverse  azimuth  interferometer 
receive. 

2 .  Mode  Switching 

For  the  transmit  and  elevation  interferometer 
modes  a  monotonically  tapered  amplitude  distribution 
across  the  entire  azimuth  aperture  is  excited  by  the 
front  set  of  series  feeds  and  the  3-way  corporate  feed 
shown  in  Figures  1  and  2.  Monotonically  tapered 
amplitude  distributions  are  also  excited  across  each 
partial  .  ;rture,  for  the  azimuth  interferometer  mode, 
by  the  rear  sets  of  series  feeds  and  elevation 
combiners.  Ferrite  phase  shifts  are  then  used  to 
select  either  of  the  two  orthogonal  phase  functions  in 
each  of  the  six  array  sections  to  form  the  appropriate 
beams,  thus  ach<  ring  low  azimuth  sidelobes  in  all 
modes.  » 

3.  Slotted  Array 

To  achieve  .'.'T\  spacing  in  azimuth  for  grating 

lobe  free  scann.  ^  to  +60°,  432  single  ridge  waveguide 

arrays  with  offset  shunt  slots  in  the  broad  wall,  were 

used.  Each  ridge  guide  array  is  center-fed  by  a  double 

ridge  waveguide,  interfacing  with  its  ferrite  phase 
shifter . 
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Figure  2.  Multiaperture  (Schematic) 

4 •  Ferrite  Phase  Shifters 

Non-reciprocal  latching  ferrite  phase  shifters 
(MFR-E.M.S.)  are  used  to  achieve  the  advantages  of  low 
insertion  loss  (0.8  dB) ,  small  size,  low  power 
dissipation  and  rapid  phase  switching  (10  vsec).  They 
are  reset  each  PRI  for  transmit  and  the  selected 
receive  mode.  Two  phase  shifters  and  drivers  are 
packaged  into  a  unit  with  provision  for  6-BIT  phase 
data  linearization  to  +2°  over  two  temperature  ranges. 

TTL  inputs  select  transmit/receive  ferrite  current 
polarity  and  the  high/low  temperature  calibration. 

5 •  Beam  Steering  Computer 

The  digital  beam  steering  computer  converts  AZ  and 
EL  scan  angle,  frequency,  beam  broadening,  full  or  1/3 
aperture,  broadside  calibration  for  two  modes  and  four  s 
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frequencies,  and  temperature  Input  data  into  a  binary 
digital  data  stream  for  loading  the  storage  registers 
in  each  ferrite  driver.  The  computer  further  contains 
PROMS,  burned  with  antenna  broadside  phase  calibration 
values. 

6.  Dual  Mode  Feed 

The  cascaded  36  element  directional  coupler  feeds, 
employing  the  principle  of  a  Blass-Type  dual  beam  feed 
form  the  dual  mode  feeds  in  each  of  the  six  aperture 

'■  sections. 

>  ■ 

The  feed  schematic,  as  shown  in  Figure  1,  shows 
the  couplers,  terminations,  and  compensating  delay 
lines.  Not  shown  are  additional  180°  delay  sections 
between  the  two  cascaded  sets  of  36  couplers  required 
to  make  the  full  aperture  feed  orthogonal  to  the  1/3 
aperture  feed. 

The  feed  assembly  consists  of  two  rows  of 
cross-guide  couplers  interconnected  by  semi-rigid 
coaxial  cables,  as  shown  in  Figure  3. 

7 .  Performance 

The  assembled  antenna,  as  shown  in  Figure  4,  has 
the  performance  shown  in  Table  1. 
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Table  1.  TAWDS  Antenna  performance 


Frequency: 

RF  Power:  Peak,  Avg. 

Net  Broadside  Gain:  Full, 
Gain  Loss  at  60°  Scan: 
Electronic  Scan  Range:  AZ, 
Beamwidth:  AZ  Full,  AZ  1/3 
Polarization 
Beam  positioning  Time: 


3.5%  in  X-band 
8  Kw,  1.6  Kw 

1/3  35  dB,  31  dB 

4  dB 

EL  120°,  8° 

EL  0.7C,  2°,  8° 

Horizontal 
10  ysec. 


Figure  3.  Coupler  Feed 


Figure  4.  Array  Assembly 
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ABSTRACT 

This  paper  describes  a  2  x  12  element  linear  array  that  Is 
electronically  scanned  with  4-blt  diode  phase  shifters.  The 
antenna  Is  cantilever  mounted  at  one  end  to  a  trunnion  assembly 
with  the  array  axis  oblique  to  the  horizontal  roll  axis.  In  oper 
atlon  the  fan-shaped  beam  generated  by  the  linear  array  provides 
280  degree  azimuthal  scan  envelope  as  station  mounted  in  an 
aircraft. 


This  antenna  design  is  based  on  a  modular  design  concept  for 
optimum  array  performance  and  reliability  at  minimum  cost.  The 
radiating  elements  consist  of  printed  circuit  dipoles  with  an 
integrated  microstrip  balun  and  feed  assembly.  The  dipole  feeds 
are  excited  from  miniature  coaxial  lines  which,  in  turn,  are 
routed  from  the  ground  plane  to  the  PIN  diode  phase  shifters. 

The  phase  shifters  are  fed  by  means  of  a  stripline/coax  corporate 
feed  assembly.  This  corporate  feed  structure  is  a  matched  feed 
which  employs  hybrid  couplers  to  minimize  the  formation  of  reflec¬ 
tion  lobes.  The  amplitude  distribution  obtained  from  this  feed  is 


a  20  dB  Taylor,  selected  to  produce  the  requisite  sldelobe  level. 
The  phase  of  the  output  ports  Is  equalized  by  adjusting  the  coax 
cable  lengths  which  feed  the  phase  shifters. 

The  data  and  results  presented  Include  gain,  radiation  pat¬ 
terns,  details  of  the  components  utilized,  and  cost. 

1.  INTRODUCTION 

The  antenna  system  described  In  this  paper  Is  designed  to 
operate  as  an  airborne  tracking  antenna  in  an  L-band  data  link 
system  used  for  accurate  weapon  delivery.  A  typical  mission  sce¬ 
nario  is  shown  in  Figure  1.  The  antenna  is  pod  mounted  in  the  aft 
station'to  provide  data  communication  foliowing  the  weapon  deli¬ 
very  and  target  lock-on  phase.  It  is  an  obliquely  oriented  array 
of  dipole  radiating  elements  which  forms  a  fanned  beam  that  may  be 
pointed  anywhere  in  its  280  degree  azimuthal  scan  envelope.  FIN 
diode  phase  shifters  associated  with  each  azimuth  array  element 
pair  provide  interelement  phase  shifts  which  electronically  scan 
the- beam  relative  to  the  direction  of  flight.  The  array  assembly 
is  rotated  about  the  direction  of  flight  on  a  trunnion  to  select 
the  orientation  of  the  electronic  scan  plane,  port  or  starboard. 

The  rotating  electronic  scanned  array  has  the  advantage  of 
providing  the  needed  gain,  sidelobe  performance,  and  scan  rate  at 
a  relatively  modest  cost  per  unit.  It  is  one  of  the  first  elec¬ 
tronic  scanned  arrays  to  complete  the  pilot  production  phase. 
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Figure  1.  Typical  Mission  Scenario 


The  system  has  proven  to  be  a  durable  and  reliable  design  over 
several  years  of  testing  and  field  use  on  a  variety  of  aircraft. 
In  addition,  the  modular  design  concept  allows  the  units  to  be 
quickly  mass-produced  and  easily  repaired  in  the  event  of  damage 
or  component  failure. 

2.  GENERAL  DESIGN  DESCRIPTION 

A  photograph  of  the  array  aperture  appears  in  Figure  2  and  a 
photograph  showing  the  rear  of  the  antenna  with  radome  and  mount¬ 
ing  sleeve  appears  in  Figure  3.  Figure  4  presents  a  partially 
exploded  view  of  the  array  assembly  to  assist  in  identifying  the 
subassemblies  and  to  illustrate  the  packaging  concept.  As  can  be 
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Figure  2.  Array  During  Range  Testing 


seen,  the  antenna  comprises  three  major  subassemblies:  (1)  the 
array,  (2)  the  microwave  feed  circuit  and  phase  shifters,  and 
(3)  the  scan  electronics.  These  subassemblies  are  mounted  to  a 
central  frame  and  chassis  as  separate  modules.  This  procedure 
allows  more  flexibility  in  the  design  of  individual  components, 
simplifies  procurement,  and  has  obvious  advantages  in  the  mainte¬ 
nance  and  repair  cycle  of  units  in  the  field. 


u 
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Figure  4.  Partially  Exploded  View  of  Antenna 


Figure  5  shows  a  functional  isometric  diagram  of  the  array. 
The  radiating  portion  of  the  system  consists  of  a  linear  array  of 
12  dipole  pairs.  Each  dipole  pair  is  spaced  at  approximately  one- 
half  wavelength  to  obviate  grating  lobes.  Beam  scanning  is  accom¬ 
plished  by  means  of  12  4-bit  diode  phase  shifters,  which  are 
interposed  between  the  output  of  the  array  feed  network  and  the 
array  elements.  The  feed  network  is  designed  to  produce  a  20  dB 
Taylor  amplitude  distribution  to  achieve  the  required  sidelobe 
level . 


58 


PHASE 

CONTROL 


Figure  5.  Functional  Isometric  Diagram 


3.  DETAILED  DESIGN  DESCRIPTION 
3.1  Array  Elements 

The  dipole  assemblies  shown  in  Figure  6  consist  of  a  pair  of 
half-wavelength  resonant  dipoles  matched  to  a  microstrip  feed  line 
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Figure  6.  Dipole  Assemblies 


59 


using  a  Bauer  and  Wolfe  balun  and  fed  by  an  SMA  coaxial  launcher. 
These  units  are  designed  to  achieve  a  maximum  Input  VSWR  of  2:1  In 
the  array  over  the  scan  angle  and  bandwidth.  The  elements  are 
located  one-quarter  wavelength  above  the  ground  plane  to  maximize 
the  element  factor  gain  in  the  array.  Spacing  between  elements 
was  selected  to  achieve  the  correct  beamwidth  in  the  elevation 
plane. 

The  units  are  produced  by  printed  circuit  board  photo-etching 
techniques  on  copper  clad  G-10  fiberglass  boards.  The  mounting 
rail  is  an  aluminum  extrusion,  and  the  launcher  fitting  is  a  SMA 
connector  mounted  to  the  rail  and  board.  Thus,  the  units  are 
lightweight,  inexpensive,  and  readily  mass-produced. 

3.2  Phase  Shifters 

Beam  steering  is  achieved  by  using  4-bit  PIN  diode  phase 
shifters  as  shown  in  Figure  7.  The  circuit  that  contains  the  180° 
and  90°  bits  employs  two  reflection-type  phase  shifters,  each  with 
a  180°  hybrid  coupler,  while  the  45°  and  22.5°  bits  utilize  two 
loaded  line  phase  shifters.  Capacitors  are  included  to  isolate 
the  DC  bias  current  of  each  bit.  The  circuit  also  incorporates  a 
reactive  3  dB  power  divider  to  feed  the  signal  into  the  pair  of 
dipoles.  Two  development  models  are  shown  in  Figure  8. 

Thick  film  technology  is  well  known  as  a  low-cost  manufactur¬ 
ing  process  of  hybrid  circuits;  thus  it  is  utilized  to  fabricate 
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REACTIVE 
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Figure  7.  Phase  Shifter  Circuits 

the  microstrip  circuitry  onto  two  alumina  boards.  In  this  process, 
the  conductor  initially  comes  in  the  form  of  a  paste  or  "ink." 

With  this  ink,  the  circuit  pattern  is  screen  printed  onto  bare 
alumina  substrates.  The  printed  materials  are  then  fired  in  an 
oven  to  temperatures  over  900 °C.  This  firing  causes  the  metal  to 
fuse  to  the  substrate  and  removes  impurities  from  the  metal.  The 
process  can  then  be  repeated  to  print  the  ground  plane  onto  the 
opposite  side  of  the  substrate.  Similarly,  additional  components 
such  as  the  capacitors  and  protective  glass  cover  coat  may  be 
fabricated  onto  the  substrate  using  multilayer  printing,  as  shown 
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Figure  8.  Two  Phase  Shifter  Development  Models 


in  Figure  9.  Hermetically  sealed  diodes  and  glass  coated 
substrates  obviate  che  need  to  seal  the  entire  phase  shifter. 
Extensive  screening  is  performed  on  each  phase  shifter  to  assure 
its  performance  and  reliability.  This  thick  film  technology  pro¬ 
vides  for  the  ready  manufacture  of  low-cost,  reliable  microstrip 
circui ts . 

Typical  production  units  exhibit  a  maximum  input  VSWR  of 
1.6:1  over  the  band  for  all  bio  states.  The  phase  command 
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Figure  9.  Thick  Film  Capacitor  Cross  Section 


accuracy  Is  less  than  ±6°.  Insertion  loss  for  the  units  Is 
typically  2.0  dB. 


3.3  Microwave  Feed  Circuit 

The  microwave  feed  circuit,  which  can  be  seen  in  Figures  3 
through  5,  consists  of  one  three-way  and  three  four-way  power 
dividers.  These  units  are  all  stripline  designs  constructed  on 
fiberglass  reinforced  teflon  substrate.  The  power  splits  are 
selected  to  form  the  required  20  dB  Taylor  distribution.  To  do 
this,  the  three-way  power  divider  is  constructed  from  a  pair  of 
3  dB  proximity  couplers.  The  center  four-way  divider  uses  a 
standard  "rat  race"  hybrid  feeding  two  Parad  and  Moynihan  hybrids, 
while  the  outboard  four-ways  are  designed  with  three  of  the  lat¬ 
ter  two  hybrids  each.  Each  unit  has  a  maximum  VSWR  of  about 
1.20:1  over  the  required  band.  The  total  power  divider  insertion 
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loss  of  0.60  dB  combines  with  a  to„al  coax  cable  loss  of  0.76  dB 
to  yield  1.36  dB  In  feed  losses  for  the  array.  The  assembly  Is 
phase  trimmed  by  adjusting  the  coax  cable  length  at  the  feed  out¬ 
put  to  produce  the  required  phase  at  all  12  output  ports. 

3.4  Scan  Electronics 

The  scan  electronics  provide  the  bias  signals  to  the  PIN 
diodes  in  the  phase  shifters,  which  select  the  desired  beam  posi¬ 
tion.  A  total  of  31  beam  positions  are  commanded  by  a  TTL  paral¬ 
lel  input  to  the  array. 

The  elevation  scan  step  size  is  determined  by  the  gain 
degradation  allowable  at  the  crossover  point  of  any  two  adjacent 
beams,  and  by  the  requirement  that  no  "peak"  quantization  lobes 
occur  with  quantized  beam  steering.  The  beam  positions  were 
selected  so  that  the  crossover  levels  between  adjacent  team  posi¬ 
tions  are  no  more  than  1  dB  below  the  beam  peak.  Because  the 
beamwidth  varies  as  a  function  of  scan  angle,  a  curve  for  beam- 
width  versus  scan  angle  was  generated  and  used  to  calculate  the 
scan  step  sizes  for  each  of  the  30  beam  positions  off  broadside. 
The  resulting  scan  step  sizes  change  with  scan  angle  in  a  non¬ 
linear  fashion,  while  the  crossover  gain  remains  nearly  constant. 

The  phase  data  for  each  beam  position  are  stored  in  program¬ 
mable  read-only  memories.  The  desired  beam  position  is  designated 
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by  means  of  a  5-bit  parallel  word.  The  total  phase  loading  delay 
and  beam  switching  time  Is  less  than  15  »s.  The  circuits  of  the 
scan  electronics  are  In  TTL,  constructed  with  dual  In-line  pack¬ 
ages  on  standard  PC  board.  After  assembly,  the  board  is  conformal 
coated. 

3.5  Physical  Design  Features 

Mounting  the  array  In  a  pod  allows  the  system  to  be  used  on  a 
variety  of  aircraft.  Thus,  the  system  must  be  capable  of  operating 
in  temperatures  ranging  from  -658F  at  60,000  feet  to  +1608F  at  sea 
level  and  a  multivehicle  mechanical  environment.  Analysis  and 
testing  to  meet  these  requirements  Is  first  performed  on  the  Indi¬ 
vidual  components.  These  components  are  then  mounted  to  the  frame 
assembly.  Following  assembly,  the  array  is  phase  trimmed,  temper¬ 
ature  cycled,  and  electrical  tested.  Again,  Figure  4  portrays  the 
modularity.  Note  the  handles  on  the  rear  which  allow  the  unit  to 
be  set  on  its  back.  Normal  handling  Is  done  with  a  secondary 
frame  which  replaces  the  pod  mount  and  allows  the  unit  to  set  face 
down  with  the  dipoles  clear.  All  assembly  Is  done  with  hex  head 
stainless  steel  screws  into  inserts.  The  frame  contains 
125  inserts  for  mounting. 

With  the  frame  containing  the  majority  of  the  mounting 
Inserts,  the  other  pieces  simply  use  clearance  holes  for  mounting, 
simplifying  their  tolerances. 
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Weight  of  the  array  Mas  not  a  prime  requirement,  however, 
the  environment  analysis  study  sized  the  unit's  construction, 
resulting  in  a  weight  of  29  pounds. 

3.6  Reliability  Testing 

3.6.1  Temperature  Cycling 

Following  final  assembly  and  prior  to  range  testing,  the  com¬ 
plete  array  is  subjected  to  a  thermal  cycling  acceptance  test. 

This  test  Involves  two  cycles.  In  each  cycle  the  array  Is  raised 
from  ambient  temperature  to  160°F  at  a  rate  of  7°F/minute  where  it 
endures  a  60  minute  soak,  then  cooled  at  the  same  rate  to  -70°F 
for  another  60  minute  soak,  and  finally  returned  to  ambient  tem¬ 
perature.  Since  field  testing  has  shown  that  the  connections 
between  the  phase  shifter  substrate  and  Its  SMA  connector  tabs 
were  subject  to  thermal  cycling  failures,  and  to  substantiate  the 
reliability  of  bonding  alumina  substrates  to  their  cast  housings, 
these  units  were  subjected  to  a  more  extensive  thermal  test  prior 
to  assembly.  It  was  found  that  the  bonding  procedure  and  a  rede¬ 
signed  connector  tab  survived  300  cycles. 

3.6.2  High  Power  Testing 

The  only  candidate  for  high  power  failure  is  the  stripline 
corporate  feed,  and  the  loads  associated  with  its  hybrids.  These 
units  were  high  power  tested  by  applying  an  appropriate  amount  of 
ppwer  to  the  input  ports  and  alternately  terminating  the  outputs 
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In  effective  open  and  short  circuits  to  focus  this  power  on  the 
loads.  No  failures  have  occurred  in  these  tests. 

3.6.3  Field  Tests  of  Array 

Over  the  past  7  years,  seven  original  engineering  units  have 
been  in  continuous  field  testing,  serving  to  prove  the  system  per¬ 
formance.  In  these  tests,  the  principal  source  of  failure  has 
been  the  connector  tabs  on  the  phase  shifters,  mentioned  above. 

It  is  worth  noting  that,  generally,  several  of  these  tabs  fail 
before  unacceptable  system  performance  results.  In  one  case,  a 
connector  tab  on  a  dipole  failed,  but  it  is  possible  that  this 
was  damaged  in  handling  the  unit.  Nevertheless,  these  results 
indicate  that  the  units  tend  to  "fail  gracefully"  rather  than 
catastrophically. 

4.  SYSTEM  PERFORMANCE 
4.1  Performance  Summary 

The  electrical  performance  of  the  array  is  summarized  in 
Table  1.  Note  that  the  polarization  of  the  array  is  linear  verti¬ 
cal.  Figure  10  shows  the  measured  gain  envelope  for  a  typical 
array.  The  result  of  the  beam  position  selection  (discussed  in 
the  driver  electronics  section)  is  to  "pair"  the  beam  positions 
about  the  ideal  locations  available  in  a  4-bit  phase  shifter 
design.  This  is  the  source  of  quantization  error  mentioned  below. 
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TABLE  1.  ARRAY  DESIGN  AND  PERFORMANCE  SUMMARY 


Number  of  elements 

Two  rows  by  12  columns  =  24 

Polarization 

Linear  vertical 

Electronic  beam  steering 

±70°  in  azimuth 

Number  of  beam  positions 

31 

Frequency 

L-band 

Bandwidth 

8  percent 

Broadside  beam  gain 

15.3  dB  at  broadside 

Sidelobe  level 

17.5  dB  maximum  at  broadside 

Input  VSWR 

2.0:1 

Power  handling 

50  U 

Figure  10.  Typical  Measured  Array  Gain  Envelope 

and  results  in  sidelobe  degradation.  Figure  11  shows  a  typical 
Smith  Chart  plot  of  the  array  input  impedance  for  all  beam  posi¬ 
tions  superimposed. 
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4.2  Antenna  Patterns 

The  antenna  patterns  shown  in  Figures  12a,  12b,  and  12c  pre¬ 
sent  the  measured  performance  in  the  azimuth  plane  at  broadside, 
32.0°  and  63.0°  respectively.  These  typical  patterns  show  that 
the  3  dB  beamwidth  varies  inverse"^  as  the  cosine  of  scan  angle. 
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Figure  12a.  Azimuth  Radiation  Pattern  at  Broadside 


The  array  sidelobe  performance  degrades  with  increasing  scan  angle 
due  to  phase  quantization  and  mutual  coupling.  Furthermore,  inevi¬ 


table  errors  in  the  amplitude  and  phase  distribution  which  occur 
in  the  manufacturing  process  result  in  an  occasional  discrete  side- 


lobe  exceeding  a  peak  sidelobe  specification  for  some  particular 
beam  position  and  frequency  combinations.  This  raises  the  problem 


i 


ANGLf. 


Figure  12b.  Azimuth  Radiation  Pattern  with  Beam  Steered  to  32° 

of  how  best  to  define  the  sidelobe  specification.  Ideally,  one 
would  specify  a  maximum  RMS  sidelobe  level  over  all  beam  positions 
and  frequencies.  However,  the  cost  of  implementing  such  a  mea¬ 
surement  procedure  in  a  manufacturing  environment  is  clearly  pro¬ 
hibitive.  Therefore,  a  method  of  defining  the  sidelobe  perfor¬ 
mance  was  adopted  to  serve  as  a  relative  indicator  of  the 


Figure  12c.  Azimuth  Radiation  Pattern  with  Beam 
Steered  to  63.0° 

acceptability  of  a  given  production  unit.  In  tin's  definition,  the 
maximum  peak  RMS  sidelobe  level  (the  RMS  value  of  the  peak  sidelobe 
level  over  all  beam  positions  at  a  single  frequency)  is  specified. 
The  value  of  the  specification  was  generated  from  measurements  of 
the  first  seven  antennas  fabricated. 


5.  COSTS 

This  antenna  represents  a  portion  of  an  8  year  development 
program  with  the  goal  of  providing  a  competitive,  cost  effective 
system.  The  antenna  has  progressed  from  a  custom  engineering 
Item  to  a  production  item  in  which  components  are  procured  in  a 
competitive  bidding  process.  Currently,  assembly  and  test  are 
being  moved  out  of  engineering  to  make  this  antenna  a  true  pro¬ 
duction  line  item.  Table  2  shows  some  of  the  approximate  costs 
now  being  realized  for  a  manufactured  quantity  of  40.  This  total 

TABLE  2.  MANUFACTURING  COSTS  (40) 


Item 

Cost 

Frame 

$  1,210 

Handles  (2) 

42 

Heat  sinks  (2  different) 

485 

Dipole  assemblies  (12) 

1,800 

Phase  shifters  (12) 

4,800 

Power  dividers  (4) 

1,258 

Scan  electronics 

2,500 

Coax  cables  (39) 

423 

Wire  harness 

818 

Miscellaneous  hardware 

120 

$13,456 
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has  been  reduced  by  a  factor  of  five  over  the  last  8  years  despite 
the  Industry  Inflation. 

6.  CONCLUSIONS 

The  feasibility  and  producibility  of  the  rotating  electroni¬ 
cally  scanned  array  has  been  demonstrated  and  substantiated 
through  a  preproduction  contract  for  10  antennas.  ^The  antenna 
has  been  shown  to  provide  coverage  at  intermediate  gain  levels 
over  a  78  percent  spherical  scan  envelope.  In  addition,  it  has 
been  shown  that  this  design  allows  for  low  cost  mass  production. 
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Abstract 


Adaptive  nulling  in  a  monopulse  antenna  requires  consideration 


ot  both  the  sum  and  difference  channels.  This  paper  describes  a 

W  -tv- 

phase  only  nulling  technique  which  simultaneously  places  nulls  in 
the  far  field  sum  and  difference  patterns  using  one  set  of  phase 


shifters.  j$~ 


-7 

/ 


***** 


1 .  Introduction 

•  -> 

In  the  past  few  years,  considerable  research  and  development  , ... 
has  been  done  in  the  field  ot  adaptive  antennas.  Communication 
and  sonar  systems  have  reaped  some  of  the  benefl*''  of  adaptive 
antenna  technology,  while  radars  lag  behind.  Some  of  the  reasons 
for  this  dichotomy  are  adaptive  techniques  are  not  well  suited  tor 
microwave  frequencies;  radars  have  large  antennas,  hence  more  adaptive 
loops;  and  a  radar  has  tight  time  constraints  due  to  target  searching. 
As  a  result,  only  a  handfull  of  radars  incorporating  sldelobe 
cancelling  techniques  exist  today.  Rilly  adaptive  radar  antennas 
with  many  degrees  of  freedom  are  not  practical  to  implement  at 
this  time. 

Monopulse  radars  present  an  even  more  difficult  adaptive 
antenna  problem.  A  monopulse  antenna  uses  two  antenna  patterns 
simultaneously:  1)  a  sum  pattern  to  detect  and  range  a  target 
and  2)  a  difference  pattern  to  determine  the  angular  location  of 
the  target.  Most  adaptive  antenna  research  has  ignored  the  difference 
pattern,  even  though  both  patterns  must  have  a  null  in  the  direction 
of  the  interference  to  enhance  the  radar's  performance.  Placing  a 
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null  In  the  sub  pattern  will  not  automatically  place  a  null  In 
the  difference  pattern.  Consequently,  most  system  requirements  have 
assumed  that  the  eum  channel  requires  asperate  adaptive  weights  and 
control  from  the  difference  chennel* 

This  paper  has  a  dual  purpose.  First,  It  shows  that  a  null 
can  theoretically  be  placed  In  the  sum  and  difference  channels  of 
a  monopulse  antenna  using  one  set  of  edaptive  weights.  An  adaptive 
technique  incorporating  this  theory  would  greetly  reduce  the  hardware 
and  software  requirements  tor  a  monopulse  antenna.  A  second  reason 
for  writing  this  paper  is  to  emphasise  the  need  for  edaptlng  In 
the  difference  channel.  I  know  of  monopulse  antennas  being  designed 
tor  adaptive  circuitry  In  the  sum  channel  only.  In  order  to  maintain 
tracking  performance,  the  difference  pattern  must  be  adapted  as 
well. 

2  Nulling  in  Antenna  Patterns 

This  section  of  the  paper  shows  that  a  null  synthesized  in 
the  sum  pattern  will  not  necessarily  result  In  a  null  in  the  difference 
pattern  and  visa  versa.  An  equally  spaced  linear  array  of  Isotropic 
elements  Is  used  In  the  analysis  (Fig.  1).  The  output  of  each 
element  passes  through  a  phase  shifter  which  steers  the  mainbeam 
as  well  as  provides  the  adaptive  cancellation.  Next  the  signal  Is 
spilt  Into  a  sum  channel  signal  and  a  difference  channel  signal. 

Each  channel  has  an  amplitude  weighting,  designed  to  give  a  certain 
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sidelobe  level.  All  the  sua  channel  signals  are  added  together  In 
phase  and  the  resultant  signal  goes  to  a  receiver.  One  half  of 
the  array's  difference  channel  signals  receive  a  180*  phase  shift 
before  being  added  together  with  the  other  half  of  the  difference 
channel  signals.  Phase  only  nulling  in  the  sub  channel  can  be 
accomplished  using  a  phase  only  beam  space  algorithm^ **.  The 
algorithm  generates  a  cancellation  beam  in  the  direction  of  Inter¬ 
ference,  then  subtracts  the  beam  from  the  quiescent  pattern  to  get 
a  resultant  pattern  with  a  null  in  the  direction  of  Interference. 

The  phase  and  anplltude  weights  for  the  sum  channel  are 


Wn  " 


ane 


j8n 


(1) 


where  0n  is  the  adapted  phase  setting  and  an  the  amplitude  weight. 
For  low  sidelobe  antennas  Wn  may  be  approximated  by 


Hn  “  an  (1+1 ®n) 


(2) 


The  far  field  pattern  of  this  weight  is 


S(u)  -  E  an(l+jen)e^kdnu 

n-1 


(3) 
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k  -  propagation  constant  ■  2* 
X  ■  wavelength 

dn  “  d0 

u  *  sin  0 

0  *  angle  from  bores ight 


N  N 

-  Z  +  j  Z  enane-lMnu  (4) 

n-1  n»l 

The  jammers  are  known  to  be  at  the  angles  0a  and  m  ranges  from 
1  to  M,  the  number  of  jammers. 

The  first  summation  In  equation  4  Is  the  far  field  antenna 
pattern  of  the  quiescent  weights.  The  second  summation  Is  the 
cancellation  beams  generated  by  the  adaptive  weights.  At  each 
jamm«r  angle  0m,  the  quiescent  pattern  and  cancellation  beam 
match  In  amplitude,  but  are  180°  out  of  phase. 


£  an  aneJk<5num  »  -j  a^^n^Na  m«*l,2,..,,M  (5) 


iv- 1 


n*l 


Use  Euler' 8  formula  to  put  the  exponent  into  real  and  Imaginary  form 


N 

1  E 

n- 


an  (cos(kdnumH  jsin(Kdtlum) ) 


(6) 


*-E  an(cosUdnum)+  jsin(kdnum)) 
n-l 
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Next,  equate  the  real  and  imaginary  parte 


N  N 

r  an  0n  co8(kdnum)«  E  an8ln(kdnun) 

n-1  n-1 


N  N 

l  an  en  sinCkd^Un)-  Z  ancos(kdnUa) 
*■1  n-1 


Because  an  sin  kdnUn  is  an  odd  function,  it  equals  sero  when 
summed  from  1  to  N.  Thus,  equation  7  equals  sero.  The 
second  equation  does  not  equal  sero  as  long  as  6n  is  an  odd 
function.  Equation  8  can  be  put  into  the  matrix  form 


where 


Ax  -  B 


ajsin(kdju^)  a2sin(kd2Uj  ) . . .  a^sinCkd^uj) 
a^sln(kd^U2)  a28in(kd2U2)  . . .  a^sin(kdj,jU2) 


aisin(kdiui^  a23in(kd2Un) . . .  a^sinCkd^u^) 


80 


N 

Z 

n«l 


ancos(kdnu1) 


B  - 


N 

L  ancos  (kdl(Ug|) 
n-l 


This  equation  has  more  unknowns  than  equations.  It  can  be  solved 
using  the  method  of  least  squares. 

x  -  At(AAt)-1B  (9) 

The  vector  x  contains  the  adapted  weights  0n  that  give  M  nulla 
in  the  direction  of  the  jammers. 

Figure  2  shows  the  far  field  pattern  of  a  20  element  array 
with  a  35  dB  Taylor  distribution  R  -  6.  The  next  figure  shows  the 
cancellation  beams  used  to  place  a  null  in  the  pattern  at  22°  and 
59”.  In  phase  only  nulling,  a  cancelling  beam  in  the  6^  direction 
has  a  corresponding  beam  au  -6m.  When  these  two  patterns 
are  added  together  the  pattern  in  Figure  4  is  obtained.  This 


pattern  has  nulls  In  the  desired  directions.  At  -9,,  the 
cancellation  patterns  ;  id  quiescent  pattern  add  in  phase  to  raise 
the  sldelobes  of  the  resultant  pattern  In  those  directions. 

Applying  these  phase  Bhifts  to  the  array  in  Figure  1  puts 
nulls  in  the  sum  pattern.  These  phase  shifters  are  shared  by  both 
the  sum  and  difference  channels.  A  35  dB,  H  ■  6  Bayllsa  amplitude 
distribution  on  a  20  element  array  has  a  far  field  pattern  shown 
in  Figure  5.  The  phase  shifters,  6n,  change  this  pattern 
into  the  one  in  Figure  6.  Nulls  are  not  formed  at  the  angles  0m. 
In  fact,  the  difference  pattern  has  worse  characteristics  after 
the  adapting.  A  similar  analysis  can  be  done  for  the  difference 
pattern. 

Wn  -  bn  e^ 9n  ;  bn  ■  difference  amplitude  weights  (10) 

“  bn  ( 1+j  9n)  (11) 

The  difference  far  field  pattern  is  given  by 


D(U)  -  Z  bn(l+j9n)  ejkdnu 

n*»l 


At  the  angles  9n>  D(um)  is  2ero 


(12) 
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N 

i  E  bn6n  (coa(kdnum)+  jain^d^)) 

n»  1 

N 

-  E  bn(cos(kdnua)+  jsin(kduum))  (13) 
n«l 


Equating  the  real  and  Imaginary  parts  gives 


N 

E  bn0n  cos(kdnun) 
n*l 

N 

-  I  bn8ir.(kdnum)  (14) 

n-1 


N  N 

E  bnensin(kdnuID)'*  E  bncos(kdnu0)  (15) 

n=l  n*l 

’In  like  the  sum  amplit’»ce  distribution,  the  difference  amplitude 
1  u1' t s  are  an  odd  function.  Instead  of  equation  14  going  to 
::ero,  equation  15  equals  zero.  Likewise,  this  equation  may  be  put 
i  ito  atrix  form  and  solved  for  the  adaptive  weights,  0n. 

Some  results  are  shown  in  Figures  7  and  8.  Figure  9  shows  the 
oifferenc-  adapted  weights  applied  to  the  sum  pattern.  Again,  the 
desired  nulls  do  not  appear. 

in  order  to  simultaneously  place  nulls  in  the  sum  and  difference 
vs*.* ■••■•ps.  one  <-.et  of  adaptive  weights  could  he  placed  in  the  sum 
channel,  while  another  is  placed  in  the  difference  channel.  This 
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* 

method  calls  for  an  extensive  duplication  of  hardware.  In  addition, 
phased  arrays  are  normally  built  with  one  set  of  phase  shifters 
that  are  shared  by  both  channels.  This  technique  could  not  be 
readily  Implemented  on  existing  antennas.  These  problems  can  be 
overcome  by  using  a  special  technique  that  simultaneously  places 
nulls  in  the  sum  and  difference  patterns  using  the  one  set  of 
phase  shifters  shared  by  both  channels.  Such  a  technique  Is  described 
In  the  following  section. 

3.  Simultaneous  Nulling  in  Sun  and  Difference  Patterns 

Equations  8  and  14  hold  true  for  placing  nulls  in  the  sum  and 
difference  patterns.  Rather  than  solving  these  two  systems  of 
equations  separately,  they  are  combined  into  one  system  of  equations. 
The  resulting  matrix  equation  Ax  -  B  has  the  components 


a^sln(kd^u^)  . . .  a^sln(kd(]U^ ) 
•  • 

•  • 

*  a 

a^intkdnUo)...  aflSinCkdflU^) 

bjcosCkd^Unj)  . . .  bjjCOsCkdfju^ ) 

•  • 

s  • 

<  • 

bicosCkdjUa) ...  bflCosCkdflUn) 


01* 

02 

• 

4 

9n 
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N 

anco8(kdnU}) 
n=l  . 


B 


N 

E  ancos(kdnua) 
n«l 

N 

■T.  bn8in(kdnuj) 
n=l 


N 

E  bnsin(kdnua) 

n®l 


Th<-  least  mean  square  solution  to  this  equation  yields  a  6n 
which  has  nulls  in  both  the  sum  and  difference  patterns. 

The  previous  cases  run  for  the  sum  and  difference  patterns  were 
tried  a;*ain  for  the  new  technique.  The  results  appear  in  Figures 
it)  and  i  i.  .  These  patterns  were  obtained  by  placing  a  phase  shift 
•it  ■  the  phase  shifters  of  the  array  in  Figure  1. 

tv:  i  usion 

T  *  it  re  hnique  described  in  this  paper  is  only  theoretical  and  not 
nit-.auL  for  direct  implementation.  However,  it  does  draw  attention 
to  the  -eed  for  simultaneous  nulling  in  the  sum  and  difference 
channels  of  a  monopulse  antenna.  Nulling  only  in  the  sum  channel 
not  adequate.  Also,  the  techlque  developed  shows  that  it  is 
-!.<  a  i.  iy  pc;.  ■  .<  bi.e  co  a  '..rnul  tsneo-.oiy  null  in  both  the  sum  and 

dlffr-rprce  patterns  using  one  set  of  adaptive  weights.  Even  though 
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this  method  of  nulling  is  theoretical,  it  has  potential  for 
practical  implementation*  For  instance,  an  adaptive  loop  could 
be  used  to  adjust  the  height  of  the  cancellation  beams  for  a  non 
ideal  pattern.  In  this  way  the  nulls  are  adaptively  formed  rather 
than  synthesised. 
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ABSTRACT' 

V 

Recent  research  has  shown  that  treatment  of  tumors  with 
localized  heat  (42  -  45  degrees  Celsius)  can  cause  partial  or 
even  complete  tumor  regression.  Heating  with  microwave  energy 
may  prove  to  be  a  viable  clinical  procedure.  A  promising 
approach  to  microwave  hyperthermia  applicator  design  is  to  use 
phased  array  antennas  to  rapidly  scan  an  arbitrary  tumor  volume 
with  a  minimal  diameter  beam  or  heating  spot,  -f  ■  - 

The  design  and  analysis  of  a  focused  linear  array  at  2450 
MHz  for  microwave  hyperthermia  research  will  be  described. 
Four  titanium  dioxide  loaded  horn  antennas  with  apertures  of 
0.79  x  0.53  inch  and  a  feed  network  with  weighted  phase  shifts 
were  used  to  implement  the  focusing  array  for  focal  distances 
of  3.0  to  4.0  inches.  The  array  was  submerged  in  deionized 
water  in  order  to  reduce  the  array  size,  and  to  provide  a 
better  impedance  match  to  a  high  dielectric  media 
representative  of  the  human  tissues.  Power  radiation  pattern 


measurements  were  taken  at  different  focal  planes  in  0.5  inch 
increments  to  determine  the  focusing  characteristics  and  beam 
spot  size.  Due  to  the  high  attenuation  of  the  medium,  focal 
planes  beyond  4.0  inches  were  not  taken.  The  measured  half 
power  beamwidth  (HPBW)  was  approximately  0.5  inch  at  the  focal 
point.  A  computer  program  was  developed  to  predict  the  array 
performance.  The  theoretical  predictions  for  the  array 
patterns  are  in  r ^ose  agreement  with  the  laboratory 
measurements. 

1 .  INTRODUCTION 

A  single  dielectric- loaded  open-ended  waveguide,  horn,  or 
coaxial  antenna  are  generally  used  by  bioengineering 
researchers  as  the  principal  microwave  hyperthermia 
applicators  [1]- [4]  ,  Th<=  problem  with  a  single-element 
applicator  is  that  it  does  not  have  focusing  ability.  Thus, 
the  RF  energy  cannot  be  efficiently  directed  to  the  intended 
tumor,  and  in  fact  spills  over  the  adjacent  healthy  tissue. 

One  way  to  solve  the  focusing  problem  is  to  use  a  phased 
array,  which  is  the  subject  of  the  present  paper.  Phased  array 
technology  of  course  is  well  established  in  radar/communication 
systems.  However,  the  phased  array  used  in  the  present 
application  is  different  from  a  conventional  one  in  the 
following  two  aspects: 
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(i)  The  focal  point  of  the  present  array  beam  is  only 

several  inches  away  from  the  radiating  aperture,  in 
contrast  to  the  infinite  distance  for  the 
conventional  array. 

(ii)  The  present  array  is  immersed  in  a  lossy  medium 
(water)  instead  of  the  unbounded  lossless  free  space. 

Because  of  the  differences  mentioned  above,  the  design  of  a 
phased  array  applicator  for  hyperthermia  is  not  at  all  trivial. 
In  the  present  paper,  we  first  develop  a  theory  for  analyzing 
an  arbitrary  array  designed  for  a  near-field  focusing,  and  then 
verify  our  theory  by  experiment  with  a  four-element  linear 
array. 


2 .  THEORETICAL  MODEL 

A  nineteen  element  hexagonal  planar  array  was  chosen  as 
the  candidate  for  this  hyperthermia  study.  Figure  la  and  lb 
depicts  the  geometry  of  the  phased  array  used  in  the 
mathematical  formulation.  Two  dielectric  mediums  are 
considered,  that  is,  €,  represents  the  layer  of  deionized 
water  serving  as  the  impedance  matching  section  between  the 
antenna  array  and  the  human  interface,  and  €&  represents  the 
human  tissue  layer.  is  the  distance  between  the  plane  of 
the  antenna  array  and  the  surface  of  the  human  tissue.  is 
the  distance  from  the  surface  of  the  human  tissue  to  the 
desired  focal  point  or  depth  of  the  tumor. 
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Let  us  consider  the  field  at  an  observation  point  A  with 
rectangular  coordinates  (x,  y,  z)  due  to  the  radiation  from  a. 
typical  m-th  array  element  located  at  (  ,  ljm  »  ) .  By 

geometrical  optics,  we  trace  a  ray  from  the  m-th  element  to  A. 
The  incident  angle  9m,  and  the  refracted  angle  due  to  the 

m-th  element  can  be  readily  found  from  the  simultaneous 
equations  below. 

t&n  8 mi  +  (\j- 9*, ^ )  fun  Smz 

< 

J.  irt  _  'fe  (4,t  Stff  Qmt ) 

l m*=  K* 

u)htre 

^  ^  -j  6n  j  n-  1,2 

The  time  convention  used  in  the  present  paper  is  exp(+jcw  t) . 
Thus,  the  negative  imaginary  part  of  £„  in  (2)  represents  loss 
in  the  medium.  In  the  present  application,  medium  1  (water)  is 
usually  denser  than  medium  2  (tissue)  i.e.,  Re(kt)  >  Re (ka) . 
Total  reflection  occurs  if 

(fic  it  )  /X*  Qmt  >  fie  4a.  (3) 

The  present  ray  analysis  is  not  capable  to  describe  the  total 


(14) 


(2) 
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reflection  phenomenon.  Thus,  for  each  Qmi  found  from  (1) ,  we 
must  check  that  it  satisfies  v 


(Re  &i )  Smt  <  & t  h  ( /to  reflection ) 

For  all  the  computations  reported  in  this  paper,  (4)  is  indeed 
satisfied.  The  transmission  coefficients  at  the  water-tissue 
interface  are  denoted  by  (  Tn>a  >  Tmx )  for  (parallel, 
perpendicular)  components^  respectively.  These  coefficients 
are  given  by  the  well-known  expression  [5] 

(5) 

(1) 


Cos  <9mi 


The  incident  E-field  due  to  the  m-th  element  at  observation 
point  A  can  be  vritten  as: 


(<f) 

(10) 

Vxjh  (c&6 5  ifl\  +  M^CCtsO)^  j*  (ll) 


1 

(/a) 

v.  X”  X/*  / 

In  (10) ,  the  element  pattern  Is  approximated  by  (<u»5d)$ 

function  in  the  manner  described  in  [6] .  Let  us  assume  that 

the  array  is  linearly  polarised  in  the  x-direction.  Thus,  we 

set  Vgm  *  1,  Vt^  »  0  in  (10)  and  (11).  Then  the  transmitted  i 

electromagnetic  field  at  the  observation  point  A  due  to  the  j 

! 

rn-tn  element  is  given  byj  I 


cjh'ere. 

U&r*-  f  V*  m  (cos  eftctx  +  Vqm  (cjn&j^su j  ^ 
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4rr( +  JsJLl  ) 
Cos  9*t  COS  &*r%  ' 


X  £  X  [  U$MTMsf  OxPmx  4»  ~  Ufa  Tmx  A**  4»] 


()+) 


4<}[u  $m T m II  cos 8/hz  sin 4m  ■*• llfaTmi.  C*>*4mj  0*) 


4 1 Tmu  si*  &m*J  ]”  0 O  I 

I 

i 

| 

The  total  electric  field  E  at  the  observation  point  A  due  to 

i 

I 

the  entire  array  is  given  by: 

£*&)  =  S  W mEmM  0~i)  ! 

m  j 

coh-ere  \ 

um'ifk-hriq  -ftxcb>r  o/  rfrfh  tl*twf  Oty  j 

l 

The  phase  factor  o^m  in  (19)  is  tc  be  determined  in  the  manner 

j 

described  next.  In  order  to  focus  the  array  field  at  a  focal  j 

point  F,  we  must  have  ! 

j  j 

i 

oim=(rO{j>hA*e.  c£  X  jt  09)  | 
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when  (19)  is  used  In  (17) ,  all  the  terms  In  the  sumnutions  are 
added  in  phase  at  point  F  (not  at  other  observation  points  of 
course) .  Finally,  the  total  incident  power  of  the  array  can  be 
calculated  by  superposition  of  power  as  follows: 


nnc  Sni  OyiKlpO  S'1®*1  > 


2.**  fa  G) 


(zi) 


And  the  normalized  electric  field  with  respect  to  a  1.0  watt 
incidence  can  be  approximated  by: 


(2Z) 


3.  EXPERIMENTS  AND  SIMULATIONS 

In  order  to  demonstrate  the  focusing  concept  and  validate 
the  theoretical  model,  a  four  element  linear  array  was 
fabricated  and  radiation  power  pattern  measurements  were 
conducted  with  the  array  submerged  in  a  tank  of  deionized  water 
as  depicted  in  Figure  2  to  determine  the  focusing 
characteristics. 
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Four  dielectric  (titanium  dioxide)  loaded  horn  antennas 
were  used  to  form  the  linear  array.  The  feed  network  consists 
of  a  four  way  in-phase  power  divider  and  line  stretchers  which 
provide  the  weighted  phases  required  for  focusing  the  array  at 
the  desired  focal  point.  Figure  3  depicts  the  hyperthermia 
system  block  diagram.  There  are  impedance  mismatches  between 
the  antennas  and  the  deionized  water  layer.  Ferrite  isolators 
were  incorporated  to  prevent  RF  power  from  reflecting  back  into 
the  power  generator. 

Figure  4a  illustrates  the  relative  power  pattern  of  the 
four  element  linear  array  with  equal  phase  excitation 
(non- focusing)  with  element  positions  (  Xm  *. ) : 
( — 2 1* , 0 . , 0. )  ,  (-.67,0.  ,0.) ,  (.67,0.  ,0.)  and  (2.  ,0.0.)  measured 
at  3.5  inches  cut-plane.  Figure  4b  depicts  the  relative  power 
pattern  with  the  same  element  position  as  Figure  4a  but  phased 
for  focal  plane  at  3.5  inches.  Similarly,  with  the  array 
focused  at  3.5  inches  as  in  (4b),  relative  power  patterns  were 
taken  at  cut-planes  0.5  inch  in  front  and  0.5  inch  behind  the 
focal  plane  as  shown  in  Figure  4c  and  Figure  4d,  respectively. 

Next  the  antenna  element  spacings  (positions)  were 
brought  closer  together,  that  is,  (-1. 35", 0.  ,0. )  ,  (-.45,0.  ,0.) , 
(.45,0. ,0.)  and  (1.35,0. ,0.) .  Again,  the  array  was  phased  to 
focus  at  the  focal  plane  of  3.5  inches  and  the  relative  power 
patterns  were  taken  at  the  focal  plane  and  cut-planes  0.5  inch 
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in  front  and  behind  th«  focal  plana  aa  shown  in  Figuraa  5a,  5b, 
and  5c,  raapactivaly. 

At  thia  writing,  tha  actual  ralativa  dialactric  ccnatant 
of  tha  daionisad  watar  has  not  baan  measured.  However,  for  tha 
sake  of  axpadiancy,  tha  dialactric  conatant  of  76.7-jl2.04  t7] 

waa  aaaunad  throughout  our  computar  analyaaa.  Attanuation 
measurements  wara  conducted  with  two  similar  antannaa  in  tha 
watar  bath  and  the  loss  agreed  fairly  close  with  the 
calculation  made  with  the  assumed  loss  tangent.  Figure  6  shows 
tha  attenuation  of  the  deionized  water  used  in  this  series  of 
experiments.  For  example,  the  computed  loss  using  the  assumed 
loss  tangent  is  shown  below: 

Since 

n  -j/a.ov 

/cZ*  6. 76-}- 4? 

cuid 

"H  -  2Ej/€a  Cm 

A 

Men 

f>  =  to/o^e  *  * -3.  075-3  <%, 
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At  the  sane  time,  the  radiation  pattern  of  a  single  dielectric 
loaded  horn  was  taken  to  determine  the  exponential  Q1  and  Q3 
for  the  element  pattern  factor  in  equations  (10)  and  (11) . 
Figure  7  depicts  the  computed  element  pattern  factor  for 
various  values  of  exponent  Q  and  the  actual  measured  Q. 

At  this  point  in  time,  the  nineteen  element  hexagonal 
array  has  not  been  built;  however,  computer  simulation  of 
radiation  patterns  has  been  carried  out  in  both  2-dimensional 
and  3-dimensional  graphics  for  sensitivity  studies.  For 
examples,  Figure  8a  depicts  the  relative  power  pattern  of  the 
nineteen  element  hexagonal  array  in  a  single  medium  (water) 
case  focused  at  3.5  inches  from  the  plane  of  the  array.  Figure 
8b  depicts  the  relative  power  pattern  of  two  mediums  (water  and 
muscle  tissue)  focused  at  4.5  inches  from  the  plane  of  the 
array.  Figure  9a  and  9b  illustrates  a  3-di.mensional  plot  of 
the  nineteen  element  array  for  single  and  two  medium  ca',es, 
respectively. 


4.  RESULTS  AND  CONCLUSIONS 

The  experiments  conducted  with  the  four  element  linear 
array  has  successfully  demonstrated  that  the  focusing  of  an 
array  in  the  near  field  can  be  accomplish  by  properly  adjusting 
the  phase  of  each  antenna  element.  Computer  simulation  of  the 
actual  linear  array  provided  relative  power  patterns  in  close 
agreement  with  the  laboratory  measurements.  Some  slight 
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deviation  or  glitches  were  noted  between  the  theoretical  and 
the  actual  measurements,  but  they  are  traced  to  the 
imperfection  of  the  equipment.  For  instance,  each  antenna 
element  is  not  exactly  identical  and  there  are  certain  amount 
of  accumulated  errors  in  phase  matching  of  the  feed  network. 
However,  it  is  evident  that  the  nineteen  element  hexagonal 
planar  array  can  offer  an  improvement  in  the  beam  sr>ot  siae  and 
suppressing  the  intermediate  sidelobes  and  at  the  same  time 
pushing  the  grating  lobes  outside  the  visible  region. 

Further  studies  will  be  continued,  they  will  include  an 
optimization  routine  to  find  the  minimal  beam  spot  size  and 
best  geometry  of  the  array.  Also,  the  optimal  frequency  range 
will  be  determined  whereby  losses  can  be  minimised  and  at  the 
same  time  maintaining  the  integrity  of  the  focusing  capability. 
Additional  formulation  will  be  made  to  find  the  power  density 
of  the  spot  beam  at  boresight  and  throughout  the  scan  region 
and  at  different  depth  of  pentration.  Furthermore,  a  search 
will  be  conducted  for  a  low  loss  high  dielectric  material  and 
that  has  the  property  of  a  coolant. 
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FOCAL  PLANE  <  CM  :• 


Figure  4a.  Relative  power  pattern  of  the  four  element  linear  array 
with  equal  phase  excitation  (non- focusing)  and  element 
coordinates  (inches):  C-2.,0.,0.),  (-.67,0. ,0.) ,  (.67,0.,0.) 
and  (2.,0.,0.)  measured  at  cut-plane  *  3.5  indies. 
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FOCAL  PLANE  <CM> 


Figure  4b.  Relative  pajer  pattern  of  the  four  element  linear  array 
phased  for  focal  plane  *3.5  inches  with  element  coor¬ 
dinates  (inches):  (-2.,0.,0.),  (-.67,0. ,0.) ,  (.67.0..0.) 
and  (2..0..0.)  measured  along  the  focal  plane. 
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CUTPLANE  <CM> 


Figure  4c.  Relative  power  pattern  of  Che  four  elenent  linear  array 
phased  for  focal  piste  *  3.5  inches  with  elaacnt  coor¬ 
dinates  (inches):  (-2.,0.,0.),  (-.67,0. ,0.) ,  i(. 67,0. ,0.) 
and  (2.,0.,0.)  naeasured  at  cut-plane  *  3.0  Indies. 


O 
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CUTPLANE  (CPI) 


Figure  4d,  Relative  power  pattern  of  the  four  elanent  linear  array 
phased  for  focal  plane  ■  3.5  inches  with  element  coor¬ 
dinates  (inches):  (-2..0..0.),  (-.67,0. ,0.) ,  (.67,0. ,0.) 
and  (2.,0.,0.)  measured  at  cut-plane  *  4.0  inches. 


FOCAL  PLANE  (CM) 


Figure  5a.  Relative  power  pattern  of  the  four  elemnt  linear  array 
phased  for  focal  plane  -  3.5  inches  with  element  coor¬ 
dinates  (inches):  (1.35,0. ,0.) ,  (-.45,0. ,0.) ,  (.45,0. ,0.) 
and  (1.35,0.,0.)  measured  along  the  focal  plane. 


CUTPLANE  <CM> 


Relative  power  pattern  of  Che  four  element  linear  array 
phased  for  focal  plane  *3.5  inches  with  element  0007” 

»  (indies):  (-1.35,0.  ,0.) ,  C-.45>0.  ,0.) ,  (.45,G.,0.) 
and  (1.35,0. ,0.)  measured  at  cut-plane  -  3.0  inches. 


Figure  Sc. 


Relative  power  pattern  of  Che  four  elamwt  linear  array 
phased  for  focal  plane  *  3.5  inches  with  elaoent  coor¬ 
dinates  (inches):  C-l.35,0.  ,0.) ,  C*  .45,0.  ,0-.) ,  C.45,0.,0.) 
and  (1.35,0. ,0.)  measured  at  cut-plane  ■  4.0  inchep 


focal  plane  «cm> 


Figure  8®.  Relative  power  pattern  of  the  nineteen  element  array 
in  a  single  median  (water)  focused  at  3.5  inches  tram 
the  plane  of  the  array. 


121 


. .wwr»^  am m 


rnD<::-»Mr'’J3> 


FOCrtU  PLANE  <CH> 


Figure  8b. 


Relative  power  pact  am  of  the  ninetecx  ela 
with  tuo  madiuma  (water  and  wade  tissue) 
plana  at  4.5  inchas  from  tha  plane  of  the 
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9a.  3-diransicnal  illustration  of  tha  nineteen  elanmt 

array  In  a  single  madiun  (water)  focused  at  3.5  jxnes 
from  the  plane  of  the  array. 
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_  _ _ _ _  • 


Figure  9b.  3 -dimensional  illustration  of  the  nineteen  element 
array  with  two  tediums  (water  and  muscle  tissue) 

focused  at  4.5  inches  from  the  plane  of  the  array. 
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Using  unmatched  elements  in  a  series-fed,  periodic  array  pro¬ 
duces  high  input  VSWR  at  frequencies  where  a  structural  stopband 
occurs.  The  monopole-slot  antenna  is  a  two-port  element  which 
can  be  designed  to  provide  broadband  match  to  a  stripline  feeder. 
Then  no  additional  matching  is  required  to  eliminate  a  structural 
stopband.  A  frequency  scanning  array  was  designed  and  tested  to 
illustrate  that  monopole-slot  elements  can  be  used  in  a  seriee- 
fed  array  without  causing  an  impedance  anomaly  at  broad-side 
scan. 


7 
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1 .  INTRODUCTION 


When  unmatched  elements  in  a  series-fed  array  are  located  an 
Integral  number  of  half-wavelengths  apart,  the  reflections  add  in 
phase  to  create  a  high  VSWR  on  the  feed  line.  This  phenomenon  Is 
called  a  structural  stopband  and  prohibits  the  flow  of  energy 
down  the  feed  line  to  the  radiating  elements.  Two  examples  of  a 
structural  stbpband  are  well-known:  (1)  in  frequency- scanning 
arrays  broadside  radiation  occurs  when  the  elements  are  an 
integral  number  of  wavelengths  apart  on  the  feed  line,  and  a 
structural  stopband  usually  results^,  and  (2)  in  log-periodic 


<; 
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antennas  where  the  feed  line  can  not  be  directly  transposed,  a 

structural  stopband  usually  occurs  due  to  the  extra  length  of 

2 

feedline  required  for  phasing  between  elements  .  Other  methods 
have  been  used  to  eliminate  the  structural  stopband  effects  in 
arrays  of  unmatched  elements  ,  but  the  use  of  a  "matched" 
antenna  provides  an  easy  solution  to  the  problem, 

2.  DEVELOPMENT  OF  THE  MONOPOLE- SLOT 


*  '.V 


The  monopole-slot  antenna,  which  was  developed  and  first  pre¬ 
sented  in  197o\  is  an  example  of  a  "matched"  antenna.  This 
antenna  consisted  of  a  cavity-backed  slot  with  a  microstrip  feed 
to  which  a  monopole  was  attached.  A  later  version  of  the 
monopole-slot  antenna  was  constructed  out  of  stripllne^.  This 
antenna,  shown  in  Figure  1,  consists  of  a  stripline  fed  slot  and 
a  quarter-wavelength  monopole  attached  to  the  center  conductor 
through  a  hole  in  the  dielectric  at  the  center  of  the  slot. 
These  antennas  raalra  use  of  radiating  elements  with  complementary 
Impedances.  The  reflections  at  the  antenna  feed  due  to  each  ele¬ 
ment  tend  to  cancel,  and  this  results  in  a  "matched"  antenna  with 
an  impedance  which  is  very  nearly  frequency  independent. 

The  monopole-slot  is  a  two-port  antenna,  and  when  used  as  a 
single  element,  the  second  port  is  terminated.  Since  the  input 
Impedance  is  ne »rly  constant  over  large  frequency  intervals,  the 
bapdwidth  is  determined  by  the  coupling  (the  amount  of  energy 
radiated  as  opposed  to  being  dissipated  in  the  termination). 
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H  MONOPOLE  HEIGHT 
d  MONOPOLE  DIAMETER 
L  RECTANGULAR  SLOT  LENGTH 
w  RECTANGULAR  SLOT  WIDTH 
b'  GROUND  PLANE  SPACING 
W1  STRIPLINE  WIDTH 
cr  RELATIVE  DIELECTRIC  CONSTANT 


Figure  1.  Stripline-Fed  Monopole-Slot. 
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Figure  2  shows  a  plot:  of  Che  coupling  or  efficiency  of  a  typi¬ 
cal  monopole-slot  versus  normalized  frequency.  When  used  in  « 
series  array,  the  antenna  should  be  operated  in  regions  of 
lower  coupling  so  that  energy  will  be  supplied  to  elements 
further  down  the  feed  line.  By  adjusting  the  size  of  the 

antenna  so  that  it  operates  in  the  desired  coupling  region, 

almost  any  type  of  amplitude  distribution  can  be  obtained 

across  the  array. 

3.  SINGLE  ELEMENT  DATA 

Figure  3  shows  the  S-parameters  for  a  monopole-slot 

designed  for  use  in  a  three-element  frequency  scanning  array. 

The  VSWR  is  less  than  1.3  to  1  over  the  22Z  band  from  1.6  to 

2.0  GHz.  The  antenna  used  an  65-ohm  feed  line  with  cascaded 

quarter-wavelength  transformers  to  50  ohms  at  the  ports.  Most 

of  the  variation  in  the  input  impedance  is  believed  due  to  the 

transformers.  The  antenna  dimensions  were: 

L  *  3.2  inches 

W  ■  .4  inches 

H  ■  1.5  inches 

d  *  3/32  inches 

Cavity  size  *3x6  inches 

b'  ■  3/8  inches 

e  -  2.62 

r 

Z0  ■  85  ohms 
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Figure  4  shows  the  radiation  patterns  in  atimuth  for  this 
antenna.  The  asymmetries  in  the  patterns  are  due  to  an  off- 
center  location  in  th?  ground  plane. 

4.  COUPLING 

Because  of  the  "notched"  nature  of  the  monopole-slot,  the 
internal  scattering  can  be  almost  completely  eliminated. 
However,  the  external  coupling  is  also  an  Important  factor  in 
causing  impedance  anomalies  in  arrays.  Measurements  were  taken 
of  the  coupling  between  ports  of  two  monopole-slots  of  the 
dimensions  shown  previously.  Figure  5  shorn  the  coupling  paths 
between  two  antennas  and  Figure  6  shows  the  S-parameters  for 
antennas  which  were  located  5.4  inches  apart.  The  coupling  is 
significant  only  for  which  is  the  case  where  the  main  beams 
are  facing. 

5.  ARRAY  DESIGN 

A  three**e lament  frequency-scanning  array  was  constructed  to 
verify  that  r.he  structural  stopband  had  been  eliminated.  The 
following  values  were  used  in  the  construction  of  the  array: 

Slot  length  -  3.2  inches 
Slot  width  -  0.4  inches 
Monopole  height  -  1.5  inches 
Monopole  diameter  -  3/32  inches 
Cavity  sire  -3x6  inches 
Element  spacing  -  5.4  inches 
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Lina  length  between  elements  -  23.1  inches 
Backfire  frequency  '1.60  GHs 
Broadside  frequency  -  1.85  GHa 
Dielectric  constant  -  2.62 
Characteristic  iapedance  -  85  ohms 
The  S-paraaeters  for  the  three-eleaent  frequency  scanning  array 
are  shown  in  Figure  7  and  the  radiation  patterns  are  shown  in 
Figure  8. 

The  absence  of  an  iapedance  aisaatch  in  at  1.93  GHs, 
where  broadside  radiation  occurs,  verifies  that  the  structural 
stopband  has  been  eliminated.  Due  to  the  spacing  chosen  so 
that  the  excess  feed  line  could  be  run  in  the  sides  of  the 
cavity,  grating  lobes  appear  iu  the  patterns  shown.  In  order 
to  eliminate  the  grating  lobes,  the  array  was  modified  so  that 
the  side  cavity  walls  are  coaaon  between  eleuents  and  the  feed 
line  is  fed  in  through  the  narrow  ends  of  the  cavity  as  shown 
in  Figure  9.  Figures  10  and  11  show  the  S'paraaeters  for  the 
new  array  and  the  radiation  patterns  for  the  broadside  and  near 
broadside  cases  to  show  the  elimination  of  both  the  structural 
stopband  and  grating  lobes. 

6.  CONCLUSION 

The  monopole-slot  antenna  which  has  an  input  impedance  that 
is  stable  over  a  wide  bandwidth  has  many  advantages  for  use  in 
array  applications.  It  can  be  used  in  a  series  array  without 
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Figure  7.  S-Parameters  for  the  Three-Element  Frequency  Scanning  Array 
(Frequencies  in  GHz) 
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Figure  8.  Radiation  Patterns  for  the  Threa-Eleoent  Frequency-Scanning 
Array . 
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Figure  10.  S-Parameters  for  New  Three-Element  Array. 


Figure  11.  Azimuth  Patterns  at  Broadside  for  New  Array 
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producing  the  effects  of  internal  scattering  such  as  structural 
stopbands.  Also  the  sise  can  be  adjusted  to  produce  the 
desired  amount  of  coupling  to  the  feed  line  so  that  the  desired 
amplitude  distribution  is  achieved. 
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INTRODUCTION 

^Emerging  and  next  generation  radar  system  studies  have  identified  a  need 
for  phased  array  antennas  with  wide  instantaneous  bandwidths.  Typical  phased 
array  antenna  bandwidths  which  are  compatible  with  these  system  requirements 
are  in  the  range  of  5  to  10%. 
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PERFORMANCE  ANALYSIS  DESCRIPTION 


A  straightforward  method  of  approaching  this  problem  is  shown  in'bd'ock 
diagram  form  in  figure  1.  The  antenna  feed  network  of  figure  1  ef f ecttrwlde 
instantaneous  bandwidth  by  employing  switchable  time  delay  networks  L&f ppH 
each  radiating  element  so  that  beam  scanning  capability  is  achieved.  Variable 
time  delay  units  rather  than  variable  phase  shifters  are  used  to  scan  ^the 
array  because  of  the  inherent  frequency  sensitivity  of  the  antenna  bedGi  of  a 
phase  scanned  array.  This  principle  is  illustrated  in  figure  2.  In  ord*r  to 
scan  the  beam  of  the  array  in  figure  2  to  an  angle  6,  a  phase  shift: 


A<t>  “ 


2  rL 


2  k  s  sin0 


VARIABLE  TIME 
DELAY  NETWORKS 
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Figure  1.  Con  ^ntional  Wide  Instantaneous  Bandwidths  Feed  Network 
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82  2288  V  2 

Figure  2.  Array  Scanning  Geometry 

must  be  applied  to  adjacent  radiators.  If  A  $  is  constant  with  frequency,  as  is 
the  case  with  most  microwave  phase  shifters,  then#  varies  with  frequency. 

Under  these  circumstances,  wide  instantaneous  bandwidth  is  not  obtained.  If, 
however,  interelement  phase  shift  is  obtained  with  TEM  air  transmission  time 
delay  equal  to: 


where:  a  *  the  required  difference  in  length  between  the  feeding 

time  delay  circuits  of  two  adjacent  radiating  elements. 
T  is  not  a  function  of  frequency  and  the  value  of  $,  the  scan  angle  is: 

6 ■  sin  *(a/s) 


which  is  not  a  function  of  frequency. 

Continuously  variable  time  delay  beam  scanning,  however  desirable,  is  not 
practical,  though,  since  time  delay  networks  are  inherently  fixed  geometry 
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devices.  Discrete  approximations  to  the  ideal  characteristic  have  significant 
complexity  in  terms  of  the  required  numbers  of  components  even  for  small 
numbers  of  discrete  time  delay  positions  per  network.  A  three  position  time 
delay  network,  used  to  feed  a  single  phased  array  radiating  element,  is  shown 
in  figire  3.  Four  RF  switches  and  three  sections  of  fixed  length  TEH 
transmission  line  are  required  for  each  three  position  time  delay  network. 

The  block  diagram  of  figure  1,  therefore,  represents  considerable  hardware 
complexity  even  for  a  small  number  of  discrete  time  delay  values  per  network. 

An  alternate  approach  to  the  problem  of  obtaining  wide  angle,  wide 
instantaneous  band  electronic  scanning  is  to  use  a  Blass  feed  network  with  N 
outputs  and  M  inputs,  as  shown  in  figure  4.  If  M  can  be  made  significantly 
less  than  N,  then  considerable  reduction  in  feed  network  complexity  can  be 
achieved  since  the  number  of  switchable  time  delay  networks  is  equal  to  M. 

The  feed  network  of  figure  4  takes  a  single  input,  splits  it  M  ways  and 
applies  voltage  weighting  factors,  which  if  used  to  feed  an  M  element  array 
would  n-nduce  a  low  sidelobe  pattern.  Each  of  the  outputs  of  the  M-way  power 
diviie.  is  fed  through  an  L-position  switchable  time  delay  network  to  an 
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Figure  3.  Position  Time  Delay  Network 
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Figure  A.  Wide  Instantaneous  Bandwidth  Overlapping  Subarray  Feed  Network 

N-port  series  feed  power  divider.  The  M  series  feed  power  divider  are  coupled 
to  the  radiating  aperture  as  shown  in  figure  A.  This  type  of  cross  coupled 
feed  network  is  known  as  a  Blass  feed  network. 

Each  of  the  N-port  series  feed  networks  provides  a  sin  (Mx)/sin  x  voltage 
distribution  at  the  radiating  aperture  as  shown  in  figure  5.  Adjacent  sin 
(Mx)/sin  x  distributions  are  offset  from  each  other  along  the  aperture  such 
that  the  M  sin  (Mx)/sin  x  distributions  form  an  orthogonal  set.  That  is,  for 
any  pair  of  distributions  in  the  set: 

£  * 

El  **  * 

where  the  A^'s  are  the  aperture  voltages  from  one  sin  (Mx)/sin  x 
distribution  and  the  B^’s  are  the  aperture  voltages  from  any  other  sin 
(Mx)/sin  x  distribution  on  the  aperture. 

A  qualitative  method  of  predicting  the  pattern  performance  from  the  feed 
network  of  figure  A  is  to  consider  the  part  of  the  aperture  illuminated  by  the 
mainlobe  of  a  sin  (Mx)/sin  x  distribution  to  be  an  element  of  a  M  element 
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array.  There  are  M  such  elements  with  low  sidelobe  weights  (established  by  the 
input  power  divider  of  figure  A)  spaced  at  intervals  of  approx iraately( N/M)  X/2 
so  that  an  array  factor/element  factor  situation  as  shown  in  figure  6  is 
produced.  An  array  factor  with  low  sidelobes  but  many  grating  lobes  is 
produced.  However,  the  element  pattern  associated  with  the  sin  (Mx)/sin  x 
aperture  distributions  "filters"  out  all  primary  responses  except  one,  as 
shown. 

Using  the  feed  network  of  figure  A  for  obtaining  wide  instantaneous,  wide 
angle  scanning,  it  is  found  that  perfect  time  delay  compensation  for  the 
“array  factor"  can  be  accomplished  only  at  scan  angles  corresponding  to  the 
L-discrete  positions  of  the  switchable  time  delay  circuits  which  feed  the 
Blass  feed  matrix.  At  scan  angles  other  than  these,  some  amount  of  beam  shift 
versus  frequency  is  encountered. 

At  the  perfect  time  delay  scon  angles,  which  correspond  to  the  discrete 
time  delay  network  positions,  instantaneous  bandwidth  is  limited  to  some 
extent  by  the  phase  versus  frequency  characteristics  of  the  series  red 
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Figure  6.  Overlapping  Subarray  Feed  Network  Patterns  f  ■  tQ 

manifolds  which  comprise  the  Blass  feed  network.  The  phase  slope  variation  of 
the  individual  series  feed  manifolds  results  in  the  relative  motion  of  the 
element  pattern  with  respect  to  the  array  factor.  This  effect  is  shown  in 
figure  7. 

Computer  aided  analysis  of  the  antenna  and  feed  network  shown  in  figure  4 
was  performed  in  order  to  quantify  instantaneous  bandwidth  characteristlcts. 
The  series  feed  power  divider  assemblies  were  assumed  to  be  configured  with 
ideal  directonal  couplers  having  infinite  directivity  and  constant  coupling 
with  frequency.  This  was  done  in  order  to  examine  first  order  effects  in 
detail,  with  tolerance  studies  being  scheduled  for  a  subsequent  time  frame. 

Figure  8  shows  a  diagram  of  the  Blass  feed  network  and  the  way  in  which 
signals  from  the  rear  most  power  dividers  fan  out  to  the  radiating  aperture. 
The  superposition  of  signals  from  the  many  coupling  paths  shown  in  figure  8 
was  the  major  item  of  investigation  in  the  analysis  of  the  antenna  system 
shown  in  figure  4. 


The  configuration  parameter  which  were  used  for  the  performance  analysis 
of  the  antenna  system  of  figure  4  are  shown  in  table  1. 


Table  !•  Antenna  Configuration  Parameters 


Array  Factor  Design  Sldelobe  Level 
Array  Maximum  Scan  Angle 
Desired  Instantaneous  Bandwidth 


Parameter  Value 
108 
12 
3 

60  dB  Tschebycheff 
+45° 

6X 
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Figure  7,  Relative  Motion  of  Element  Pattern  and  Array  Factor  at  f  •  f  +  f 
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Figure  8.  Blass  Feed  Network  Signal  Flow 

For  L«3  discrete  tis*  delay  network  positions,  the  region  of  sine  space 

between  +  sin  *  (45°)  was  broken  into  3  regions  as  shown  in  figure  9  and 

the  three  exact  time  delay  compensation  angles  of  0°  and  +  sin'1  (2/3  sin 

45° ]  chosen  to  provide  optimum  wide  instantaneous  bandwidth  pattern 

performance •  An  additional  factor  included  in  the  analytical  effort  wae  the 

use  of  waveguide  time  delay  sections  rather  than  TEM  transmission  line  time 

delay  sections*  This  was  done  in  order  to  retain  the  flexibility  of  operating 

the  modelled  antenna  system  at  high  power  levels.  The  uee  of 

waveguide  in  the  3  position  time  delay  networks  tended  to  reatrict 

instantaneous  bandwidth  slightly  because  of  waveguide  dispersion  but  this 

effect  was  found  to  be  essentially  negligible  when  a  performance  comparison 

with  time  delay  networks  using  TEM  transmission  line  delay  wae  made* 

Computed  patterns  for  the  wide  instantaneous  bend  phased  array  antenna 

system  shown  in  figure  4  are  shown  in  figures  10  through  22.  Figure  10  shows  a 

center  frequency  pattern  with  perfect  time  delay  settings  for  f  and  0° 

o 

scan.  All  patterns  in  figures  10  through  22  show  the  array  pattern  with  solid 
lines  and  an  individual  subaperture  patterns  with  dotted  lines  for  reference. 


SCAN  ANGLES  WITH 
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Figure  9.  Scan  Angie  Coverage  Diagram 

Figures  11  through  13  show  patterns  over  a  6%  band  centered  at 
f  =  0,941  fQ  for  a  scan  angle  of  -45°,  For  the  -45°  scan  angle,  time 
delay  networks  were  set  for  perfect  compensation  at  -28.1°  as  shown  in 
figure  9, 

Comparison  of  the  patterns  in  figures  12  and  13  show  that  for  scan  angles 
at  maximum  distance  from  the  time  delay  compensated  scan  angle  that  sidelobes 
are  maintained  quite  well  over  the  required  6%  instantaneous  bandwidth  and  that 
beam  pointing  is  relatively  constant  over  the  instantaneous  band  of  interest . 
The  remaining  patterns  show  sidelobe  and  pointing  angle  performance  over  the 
required  6%  instantaneous  bandwidth  at  the  other  three  scan  angle /ope rating 
band  extremes.  The  operating  band  for  the  antenna  configuration  of  figure  4 
was  17.6%, 
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SUMMARY 


In  the  course  of  the  analytical  effort  described  above,  it  was  found  that 
the  parameters  of  table  1  were  close  to  optimum  in  terms  of  pattern 
performance  and  minimum  antenna  system  complexity.  The  number  of  time  delay 
network  positions,  L,  and  the  number  of  Blass  feed  network  elements  (and  time 
delay  elements),  M,  were  the  major  controlling  factors  for  array  complexity. 

Preliminary  analysis  showed  that  for  M  smaller  than  12,  the  near  sidelobes 
of  the  array  exceeded  desired  levels  and  that  for  L  less  tha‘n*-3,  excessive 
beam  motion  is  incurred  over  the  required  instantaneous  bandwidth. 

The  beam  motion  versus  frequency  over  the  6%  instantaneous  bandwidth  for 
the  scan  angle  and  operating  band  extremes  addresed  by  the  patterns  of  figures 
11  through  22  was  less  than  a  beamwidth  in  all  cases,  and  can  be  reduced  by 
increasing  the  value  of  L,  the  number  of  discrete  positions  of  the  switchable 
time  delay  networks. 


AZIMUTH  ANGLE  (DEGREES) 


c* 

<N 

fS 

00 


155 


AZIMUTH  ANGLE  (DEGREES) 


SCAN  ANGLE  =  -45.0  DEG 
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FREQ  =  0.971  f0  SCAN  ANGLE  =  -45.0  DEG 

CENTER  FREQ  =  0.941  f0  TIME  DELAYS  SET  FOR  -28.0  DEG 
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OPTIMAL  SYNTHESIS  OF  E-SCAN  SPACE-FED  ANTENNAS 


J.  L.  Bauck  and  S.  M.  Daniel 
Motorola  Government  Electronics  Grouo 
Radar  Operations  Systems  Office 
Systems  and  Technology  Section 
Tempe,  Arizona  85282 

ABSTRACT 

^A  minimum-mean- square  (MMS)  formulation  is  employed  in  the 
synthesis  of  two  space-fed  E-scan  antenna  designs.  Based  on  ray- 
tracing,  the  underlying  mathematical  model  expresses  the 
illumiration  of  a  primary  radiation  array  as  a  linear  function  ot 
the  complex  weights  of  a  secondary  radiation  array.  The  MMS 
formulation  leads  to  a  linear  system  whose  solution  is  the  desired 
excitation  weight  vector  solution.^  Part  I  addresses  the  first 
design  in  which  the  illumination  is  an  amplitude  window  over  the 
radiation  array  where  E-scanning  is  accomplished  via  dedicated 
phase  shifter  control.  By  contrast,  the  second  design,  presented 
in  Part  II,  involves  a  complex  illumination  which  accommodates 
F.-scanning  without  the  need  for  phase  shifters  at  the  radiation 
array.  Specific  numerical  examples  Included  demonstrate  the 
validity  of  the  synthesis  approach  for  each  design. 

1.0  PART  I.  RADIATION  ARRAY  PHASE-SHIFTER  E-SCAN  CONTROL 

The  design  of  space-fed  antennas  has  been  motivated  by  the 
need  to  alleviate  the  practical  complexity  associated  with 
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power  distribution  over  large  arrays.  As  such,  a  small  excitation 
array  Is  used  to  Illuminate  the  primary  array  from  a  certain 
distance  with  the  aim  of  achieving  the  desired  power  distribution 
otherwise  possible  with  a  more  complex  corporate- red  approach. 

Of  course,  while  circumventing  a  practical  difficulty,  the  space- 
fed  design  introduces  the  analytical  problem  of  determining  the 
optimal  excitation  array  distribution  to  achieve  the  desired 
illumination.  Following  a  brief  description  of  the  space-fed 
antenna  in  question,  a  systematic,  numerically-oriented  approach 
is  presented  which  produces  a  MMS  estimate  of  the  desired 
excitation. 

1.1  Statement  of  the  Problem 

Consider  the  dual  parallel-plate  space-fed  antenna  shown  in 
Figure  1.  Among  its  essential  parts  is  a  waveguide  feedport  for 
illuminating  an  excitation  array  of  M  transceiver  elements  having 
appropriate  complex  (amplitude  and  phase)  weighting  that  gives 
rise  to  a  desired  illumination  at  the  radiation  array  of  L 
transceiver  elements  equipped  with  phase  shifters  for  cylindrical 
aberration  correctior  and  E-scanning. 

The  central  problem  at  hand  is  that  of  determining  the 

M 

complex  excitation  weighting  (a  .<(>  >  .  which  will  give  rise  to  a 

mm  m=i 

desired  illumination  over  the  radiation  array,  while  simultaneously 
compensating  for  cylindrical  attenuation  and  phase  aberrations  in 
each  of  the  two  lenses. 


RADIATION  ARRAY 


Figure  1.  Space-Fed  Antenna  Configuration 


1.2  Kathematical  Formulation 

Given  a  desired  amplitude  illumination  over  the  radiation 
array,  the  corresponding  complex  excitation  weight  vector 


w  =  {wl"  =  (a  e^ni} JJ. 
—  m  m-i  m  m=l 


may  be  derived  by  solving  a  complex  linear  system  resulting  from  a 
MMS  formulation  of  the  problem. 
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1.2.1  Mathematical  Model 

Figure  2  shows  the  essential  geometry  of  the  space-fed 
array  in  question,  where  all  dimensions  are  given  ir  half 
wavelengths  of  some  reference  frequency.  The  pertinent  parameters 
to  be  noted  in  the  Figure  are 


Figure  2.  Essential  Geometry  of  Space-Fed  Antenna 
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L  ■  number  of  equi spaced  radiation  array  elements 
d2  *  radiation  array  Interelement  spacing  in  units  of 
F2  *  minimum  distance  between  arrays  in  units  of  ■^L 
M  *  number  of  equi spaced  excitation  array  elements 
d2  85  excitation  array  interelement  spacing  in  units  of  -^L 
F2  a  minimum  distance  between  feedport  and  excitation 
array  in  units  of  4?- 

x2  *  x-axis  displacement  of  excitation  array  in  units 


=  -|(Ldi-Md2) ,  if  centered  with  respect  to  radiation 
array 

x 3  ■  x-axis  position  of  feedport  in  units  of  ■^L 

*  ^di,  if  centered  with  respect  to  radiation  array 

d„  -  distance  between  £-th  radiation  array  element  and 
x.0 

reference  point,  (x2 o.-Fi)-y.  on  excitation  array, 
in  units  of  t?- 

(2) 

d„  =  distance  between  the  £-th  radiation  array  element 

XiTl 

and  m-th  excitation  array  element,  in  units  of 


d,  a  distance  between  m-th  element  of  excitation  array 
m 

and  feedport  In  units  of  -4?- 

-  3-x2-md2)2+F22  (4) 

In  view  of  the  above  definitions,  it  is  possible  to  express 
the  illumination  at  the  i,-th  radiation  element  as  the  superposition 
of  excitation  element  contributions 

M 

gU.f.w)  »^wmh(m,jL,f)  (5) 

m=l 

clearly  a  function  of  frequency,  f,  and  the  excitation  weight 
vector,  w.  More  specifically, 

h(m,t,f)  *  c^f<V^>  (6) 
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2f0  Sm 


VttSneJ(v,>tl 


*  relative  r"*  attenuation  between  the  feedport  and 


the  m-th  excitation  element 


a2m  =  relat-ive  r  attentuation  between  the  m-th  and  t-th 
excitation  and  radiation  array  elements,  respectively 


eSin  =  radiation  array  element  radiation  pattern 


/  Tifd 

’"V-FT 


cosem)  cos  e2m 


=  cylindrical  phase  error  correction  at  m-th  excitation 
array  element 


*  Here,  d=0.62  y-  in  accordance  with  reference  1. 
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(13) 


a  tt( d  -F  ) 

IU  2 

*  cylindrical  phase  error  correction  at  2,-th  radiation 
array  element  with  respect  to  excitation  array 
reference  point,  (x2o»-Fi)-y- 

*  *<vFi>  o«> 

1.2.2  Minimum  Mean  Square  Synthesis 

In  view  of  (5),  the  illumination  of  the  ra^ation  array 
elements  may  be  represented  compactly  in  matrix  notation  as 

2  ■  Hw  (15) 


where 


£  =  the  L-component  illumination  vector 

=  tgU.f.w)}^ 

H  =  The  M  x  L  transition  matrix 


=  {{hfm.A.f)}^}^ 


(16) 


(17) 
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Given  a  desired  illumination 


eMeU)}^!  (l8) 

we  wish  to  derive  an  excitation  vector  w  such  that  £  closely 
approximates  e  in  some  sense.  Using  a  MMS  criterion,  the  weight 
vector  we  seek  minimizes  a  quadratic  performance  index 

J(w )  =  ||  £-e  ||2 
=  ||  Hw-e  ||2 

*  (Hw-«i)*^(Hw-e)  (19) 

whence,  the  desired  solution  satisfies  the  necessary  conditions 
that 


0  =  iVw0(w) 

=  H*T(Hw-e) 

=  Cw-b  (20) 


where 


C 


H 


=  M  x  M  complex-valued  covariance  matrix 


=  M- component  complex-valued  forcing  vector 


> 
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Host  generally,  the  desired  minimum-norm  solution  Is  given  ty 


w  -  C+b  (21) 

where  C+  stands  for  the  pseudoinverse  of  C  and  is  identical  to  the 

actual  inverse,  (T1,  If  it  exists.  In  the  present  paper,  solution 

(21)  is  obtained  by  using  the  complex  form  of  the  conjugate 
2  3 

gradients  method  ’  . 

1.3  Performance  Analysis 

The  mathematical  model  of  the  previous  section  was  imple¬ 
mented  on  a  computer,  and  the  results  are  presented  here  in 

graphical  form.  The  aperture  illuminations  which  were  approximated 

4  5 

are  those  of  Taylor  and  Bayliss  ,  the  latter  of  which  is 
used  for  "difference"  field  patterns  in  monopulse  applications. 

In  all  cases,  the  si  delobe  level  of  the  ideal  field  pattern  was 
chosen  to  be  -50  dB,  relative  to  the  peak  of  the  main  lobe,  and 
the  number  of  approximately  equal  sidelobes  adjacent  to  the  main 
beam  was  chosen  to  be  12.  For  comparison  with  the  main  results, 
these  ideal  patterns  are  shown  in  Figures  3  and  4.  These  are 
array  factors  only,  and  dc  not  include  an  element  factor.  Notice 
that  in  Figure  4,  the  Bayliss  pattern  has  a  very  deep  null  at  e=05, 
which  is  obscurred  by  the  ordinate  of  that  graph. 

Figures  5  and  6  show  results  obtained  using  the  MMS 
synthesis  technique  for  Taylor  and  Bayliss  patterns,  respectively. 
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Figure  3 


Figure  4 


Azimuth  Angle  (degrees) 

Field  Pattern  Corresponding  to  Ideal  Taylor 
Aperture  Distribution. 
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Azimuth  Angle  (degrees) 


Field  Pattern  Corresponding  to  Ideal  Bayliss 
Aperture  Distribution. 
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Excitation  Array  Element  Number  Azimuth  Angle  (degrees) 


Figure  5.  Taylor  Approximation  Example,  (a)  Antenna  Parameters, 
(b)  Amplitude  of  Excitation  Array  Weights,  (c)  Phase  of  Excitation 
Array  Weights,  (d)  Amplitude  of  Aperture  Illumination,  (e)  Phase 
of  Aperture  Illumination,  (f)  Amplitude  of  Field  Pattern. 
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ExclUtlon  Amy  Element  Number  Azlwith  Angle  (dtgr**s) 


Figure  6.  Bayliss  Approximation  Example,  (a)  Antenna  Parameters, 
(b)  Amplitude  of  Excitation  Array  Weights,  (c)  Phase  of  Excitation 
Weights,  (d)  Amplitude  of  Aperture  Illumination,  (e)  Phase  of 
Aperture  illumination,  (f)  Amplitude  of  Field  Pattern. 
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The  following  comments  apply  to  these  and  subsequent  Figures 
which  snow  graphical  results: 

Part  (a)  Is  a  list  of  pertinent  antenna  and  feed  structure 
parameters. 

Part  (b)  Is  a  plot  of  the  amplitude  of  the  optimum 

M 

excitation  array  weights, 

Part  (c)  Is  a  plot  of  the  phase  of  the  optimum  excitation 
array  weights,  not  Including  the  correction 

for  a  spherical  wavefront  In  the  excitation  lens. 

Part  (d)  Is  a  plot  of  the  amplitude  of  the  aperture 

Illumination;  the  dotted  line  Is  the  ideal  (desired) 
Illumination,  -ind  the  solid  line  Is  that  illumination 
which  is  actually  achieved. 

Part  (e)  is  a  plot  of  the  achieved  phase  illumination. 

The  desired  phase  illumination  is  a  constant. 

(Absolute  phase  is  unimportant.) 

Part  (f)  is  a  plot  of  the  amplitude  of  the  resulting  field 
pattern. 

The  results,  (d)  -  (f),  are  those  that  would  be  obtained  by 
operating  the  antenna  at  the  frequency  for  which  it  was  optimized. 
Phase  shifter  quantization  effects  are  not  included.  The  element 
pattern,  cos* 6,  is  included,  via  pattern  multiplication,  in  the 
field  plots. 

Inspection  of  Figures  5  and  6  shows  that  the  desired 
illumination  is  approximated  quite  well,  resulting  in  maximum 


sidelobes  around  -45  dB.  Figure  5(a)  shows  that  only  four  of  the 
eight  excitation  weights  differ  significantly  from  *ere.  An 
example  (not  shown)  was  done  with  M=4,  with  the  result  that  the 
four  weights  almost  exactly  replicated  the  central  four  weights 
of  Figure  5(b),  In  both  amplitude  and  phase.  As  a  final  comment, 
a  defocus ing  technique  was  discovered,  after  these  plots  were 
made,  whereby  the  aperture  errors  could  be  reduced  even  further, 
and  which  gave  a  final  field  pattern  with  sidelobes  that  were 
very  close  to  th»»  Ideal  -50  dB  level.  This  comment  will  be 
amplified  in  Part  II. 

2.0  PART  II.  EXCITATION  ARRAY  COMPLEX  WEIGHT  E-SCAN  CONTROL 
By  replacing  the  cylindrical  phase  error  compensation 
wi*'!  a  true  t1me  delay  compensation  It  Is 

possible  to  Improve  the  wideband  performance  of  the  spacefed 
antenna  described  In  Part  I.  Focusing  the  radiation  array  to  a 
point  behind  the  excitation  array  will  also  improv.  the  overall 
performance.  However,  such  Improvements  are  of  little  consolation 
when  one  Is  faced  with  the  costly  prospect  of  supplying  a  large 
number,  L,  of  rather  expensive  high-resolution  phase  shifters. 

It  is  precisely  this  economic  cons  ieratlon  which  has  motivated 
the  space-fed  design  alternative  discussed  below;  namely,  one. in 

I 

which  the  radiation  phase  shifters  are  eliminated,  transferring 
the  burden  of  E-scanning  to  the  excitation  array.  1 


2.1  Statement  of  the  Problem 

Figure  7  shows  the  functional  block  diagram  of  a  spacefed 
antenna  subsystem  concept  involving  excitation  array  E-scan 
control.  Besides  a  time  delay  compensation  of  the  cylindrical 
wavefront  over  the  radiation  array,  other  more  prominent  features 
include  a  large  concave  excitation  array  of  N  elements,  a  small 
contiguous  number,  M,  of  which  is  activated  with  precomputed  weight¬ 
ing  from  a  PROM  lookup  table  via  a  matrix  switch. 

Given  an  azimuth  scanning  requirement  of  80°,  (-40°  to  40°), 
with  a  desired  resolution  of  0.05°,  the  storage  capacity  of  the 
PROM  table  Is  3200M  words  (1600M  amplitudes,  1600M  phases)  for  a 
single  Instantaneous  frequency  band.  For  M=16,  this  amount  to 
51.2k  words,  certainly  a  modest  amount  by  modern  standards.  When 
a  certain  scan  angle  is  desired,  the  appropriate  set  of  2M  words 
is  fetched  from  PROM  and  applied  to  the  corresponding  set  of  M 
activated  excitation  array  elements. 

Figure  8  shows  the  conceptual  structure  of  the  matrix 
switch,  which  routes  M  amplitude-  and  phase-weighted  feedports 
to  the  a  oropriately  selected  M-subset  of  the  N  excitation  array 
!  lements.  To  be  noted  here  is  the  fact  that  only  N  switches  are 
needed  to  accomplish  a  continuous  activation  of  M  contiguous 
elements  over  the  N-element  excitation  array. 

The  problem  at  hand  is  the  derivation  of  excitation  array 
curvature  and  the  solution  of  M-dimensional  complex  weight  vectors 
corresponding  to  desired  scan  .gles. 
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MDUTIM 
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Figure  7.  Functional  Block  Diagram  of  Space-Fed 
Antenna  with  Excitation  Array  Control 
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All  transmission  paths 
are  equal  in  length. 


Figure  8.  Details  of  M-to-N  Switching  Matrix. 

Any  M  consecutive  elements  out  of  N 
may  be  selected  by  using  N  Switches. 


2.2  Mathematical  Formulation 

Given  a  desired  illumination  over  the  radiation  array, 
specified  by  both  an  amplitude  weighting  and  a  phase  shading 
associated  with  a  certain  scan  angle,  e  ,  the  corresponding 
weighting  vector 


{ws}  M 
lvnrm=l 


m  m=l 


may  be  derived  in  a  similar  way  as  in  Part  I. 


(22) 


2.2.1  Mathematical  Model 

The  geometry  pertinent  to  the  space  fed  antenna  design  of 
Figure  7  is  given  in  Figure  9.  As  before,  all  dimensions  are  in 
units  of  half  wavelengths  of  some  reference  frequency.  To  be  noted 
here  is  the  focal  point  (di^^.-FiJ-y-.  with  respect  to  which  the 
delay  equalization  is  set  at  the  radiation  array. 

Assuming  that  the  k-th  M-element  excitation  subarray  is 
activated,  the  resulting  illumination  at  the  fc-th  element  of  the 
radiation  array  is  given  by 


M 

g(M,k,ws)  =y\^h(k+m,Jl.f)  ;  k=0 . N-M  (23) 

m=l 


where 

w^  =  the  m-th  complex  weight  applied  to  the  (k+m)-th 
excitation  element 
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Figure  9.  Geometry  of  Alternate  Space-Fed  Antenna 
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v 

«  the  time  delay  between  the  (k+m)-th  excitation  element 
and  the  t-th  radiation  element 


.  1  ,«k 


(25) 


and 


aA„eJ!,fTl 
im  tm 


(26) 


where 


k  _i 

atm  "  the  re'*at'*ve  r  attenuation  between  the  t-th  and 
(m+k)-th  elements  of  th*  radiation  and  excitation 
array,  respectively 


T£  *  the  time  delay  compensation  (time  advance)  at  the 

£-th  radiation  array  element  with  respect  to  the  focal 
point  and  relative  to  the  central  point  on  the  array 

-  F>)  m 
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and  Is  the  fc-th  element  radiation  pattern  as  given  by  (12). 


2.2.2  Minimum  Mean  Square  Synthesis 

Given  a  desired  Illumination  over  the  radiation  array, 

■nd  l 

s  ■  (29) 

the  desired  MMS  weight  vector  solution  is  given  by 

ws  «  (30) 

where,  as  in  Part  I,  is  the  psendol nverse  of  the  M  x  M  matrix 
Ck=H*THk,  bk=H*Tek.  Hk=({h(k+m,i,f ) lt  should  be 
noted  that  8s  determines  k  and  that  this  value  of  k  applies  for 
other  values  of  scan  angle  in  the  neighborhood  of  es,  although  ws 
will  be  distinct  in  each  case. 

2.3  Performance  Analysis 

Results  for  the  alternate  spacefed  antenna  design  are 
presented  here  in  the  same  form  as  in  Part  I,  and  Include  Figures 
10,  11,  and  12,  in  which  a  Taylor  illumination  was  approximated  for 
scan  angles  of  0°,  20°,  and  40°,  respectively.  The  maximum  si  delobe 
performance  for  these  three  cases  was  excellent:  -50  dB,  -49.3  dB, 
and  -42.6  dB,  respectively.  These  results  were  obtained  using  an 
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Figure  10.  Taylor  Approximation  Example  —  0°  Scan  Angle,  (a) 
Antenna  Parameters,  (b)  Amplitude  of  Excitation  Weights,  (c)  Phase 
of  Excitation  Weights,  (d)  Amplitude  of  Aperture  Illumination. 

(e)  Phase  of  Aperture  Illumination,  (f)  Amplitude  of  Field  Pattern. 
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Figure  11.  aylor  Approximation  Example  —  20°  Scan  Angle,  (a) 
Antenna  Parameters,  (b)  Amplitude  of  Excitation  Weights,  (c)  Phase 
of  Excitation  Weights,  (d)  Amplitude  of  Aperture  Illumination. 

(e)  Phase  of  Aperture  Illumination,  (f)  Amplitude  of  Field  Pattern. 
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omnidirectional  element  pattern*  rather  than  that  of  (12);  this 
change  had  a  negligibly  small  effect  on  the  final  results.  In 
all  cases,  the  number  of  active  excitation  elements.  M,  was  16. 

The  distance  Fi  was  chosen  to  be  225  in  order  to  get  low 
sldelobes  at  a  40°  scan  angle.  If  a  smaller  range  of  scanning  was 
required,  or  If  the  sldelobe  requirement  was  relaxed,  Fi  could 
assume  a  smaller  value.  For  0°  scanning  conditions,  the  front 
array  Is  focused  at  a  distance  of  Fx,  but  for  non-zero  scan 
angles  It  Is  conjectured  that  it  may  not  be  well-focused  at  Fx  or 
possibly  even  at  any  distance,  due  to  asymmetrical  path  lengths 
and,  therefore,  asymmetrical  r-1*  losses  between  symmetrically 
located  elements  on  the  front  array  and  the  intended  focal  point. 

Once  an  acceptable  value  for  Fx  of  225  was  established, 
an  iterative  procedure  was  initiated  to  simultaneously  find  the 
best  values  for  FT  and  d2,  which  resulted  in  having  FT  less  than 
Fx  for  all  scan  angles,  without  exception.  This  was  interpretted 
as  forcing  a  slight  de-focusing  of  the  radiation  array,  which 
would  effectively  cause  more  of  the  centrally  located  H  excitation 
elements  to  become  more  active,  instead  of  having  some  turned 
almost  completely  off,  as  was  the  case  when  FT  was  the  same  as  Fx. 
With  more  activity  among  the  M  elements,  more  degrees  of  freedom 
are  effectively  available  for  synthesizing  a  useful  aperture 
illumination.  Although  the  field  pattern  showed  large  variations 
in  maximum  sldelobe  level  for  large  changes  in  these  two  parameters, 


It  was  relatively  Insensitive  to  varletlons  of  roughly  10  percent 
of  the  final  values  selected  for  both  ft  and  da.  For  0#,  20°, 
end  40*  scan  angles*  the  final  values  for  Ff,  respectively,  were 
205  ,  190  ^ ,  and  140  and  the  final  values  for  dt  were 

2.3  2.S  ^ ,  and  2.4  respectively.  Notice  that  for  the 

larger  scan  angles,  the  deviation  from  a  globally  circular  array 
Is  significant  and  favors  using  a  smaller  number  of  excitation 
element?  chan  would  a  circular  arrangement.  An  approximate 
calculation  of  the  number  of  elements  required  In  the  excitation 
array  (N  In  Figure  7)  based  on  the  above  numbers  gave  a  number  of 
around  110,  less  than  the  number  of  elements  In  the  front  array. 

A  difference  (Bayllss)  pattern  was  approximated  for  0*, 

20°,  and  40*  scan  angles  using  exactly  the  same  final  values  of 
Fi,  FT,  and  d*,  and  with  the  directional  elements  cf  (12)  In  place. 
Sldelobe  levels  of  -47  dB,  -48.4  dB,  and  -33  dB  were  achieved, 
respectively.  The  depth  of  the  center  null  could  not  be  gauged 
from  these  plots,  since  the  512  point  FFT  program  used  to  compute 
the  field  patterns  lacks  the  resolution  necessary  to  determine 
this  Information.  The  exception  Is  at  0*  where  the  FFT  computes 
a  field  pattern  point  at  exactly  the  center  of  the  null.  This 
gave  a  number  below  -100  dB  (the  lower  limit  of  the  plotting 
program)  which  is  of  course  meaningless  In  the  context  of  a  real 
antenna  with  random  errors,  but  which  nonetheless  Illustrates  the 
effectiveness  of  the  MMS  solution  method. 
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3.0  CONCLUSIONS  AND  RECOWEN DAT  IONS 


Employing  an  underlying  mathematical  model  based  on  ray¬ 
tracing,  a  MMS  formulation  has  led  to  the  successful  synthesis  of 
two  distinct  space-fed  antenna  designs,  as  demonstrated  via 
computer  simulation.  It  Is  Important  %o  note  that  this  synthesis 

approach  was  Instrumental  In  showing  the  effectiveness" of  the 

\ 

second  of  the  two  antenna  designs  Involving  a  relatively  small 

X 

number  of  phase  shifters.  X 

The  design  and  hence  the  performance  of  practical  space-fed 
antennas  could  be  Improved  by  enhancing  the  underlying  mathematical 
model,  such  as  Including  coupling  between  array  elements  and 
incorporating  more  accurate  element  patterns.  Finally,  a  computer- 
in-the-loop  approach  could  be  mechanized  to  carry  out  the  MMS 
adjustment  of  the  excitation  weights  in  a  feedback  fashion,  thus 
relieving  the  designer  from  the  burden  of  searching,  substantiat¬ 
ing  and  incorporating  Improvements  of  the  mathematical  model  In 
an  attempt  to  represent  more  faithfully  the  practical  effects  In 
an  open-loop  numerical  procedure. 
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APERTURE  EFFICIENCY  CONSIDERATIONS  IN  THE  CONVOLUTION 
SYNTHESIS  OF  SYMMETRICAL  HEXAGONAL  ARRAYS 


J.  Paul  Shelton  and  Shared  R.  Laxpati* 
Naval  Research  Laboratory 
Washington,  D.C.  20375 


ABSTRACT 

The  investigation  of  the  application  of  null  synthesis  pro¬ 
cedures  to  planar  arrays,  described  in  previous  papers  by  these 
authors,  is  continued.  The  null  synthesis  of  symmetrical  hexa¬ 
gonal  arrays  is  evaluated  in  terms  of  the  maximum  achievable 
aperture  illumination  efficiency  (AIE).  Computed  values  of 
maximum  AIE  are  presented  for  hexagonal  arrays  of  7,  19,  37,  61, 
and  91  elements  using  se^n-element,  one-parameter  canonical 
arrays  (referred  to  as  A  19^1ement,  three-parameter 

canonical  array  is  introduced  ,  and  maximum  AIE  is  given 

for  arrays  of  19,  37,  61,  and  91  elements*  Contour  plots  of 
radiation  patterns,  showing  zero  loci  and  iidelobe  levels  are 
presented  for  both  uniformly  illuminated  and  synthesized  maximum 
AIE  arrays.  Zero  loci,  sidelobe  levels,  and  aperture  illumina¬ 
tion  distributions  are  compared  for  these  arrays. 

1.  INTRODUCTION 

Synthesis  of  regular  hexagonal  arrays  has  been  described  by 
several  authors  during  the  past  decade.  Recently,  the  authors  of 
this  paper  have  investigated  hexagonal  array  synthesis  in  which 
small  arrays  are  convolved  to  synthesize  large  arrays.  Such  a 
technique  is  well  suited  to  snythesize  a  set  of  prescribed  nulls 
of  a  large  array.  Thir,  paper  is  a  report  on  the  status  of  the 
on-going  work  by  the  authors. 
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Aside  from  the  use  of  separable  illumination  for  e  planer 
array,  which  thereby  utilises  well  known  syntehsia  procedures  for 
linear  arrays,  a  synthesis  technique  that  has  been  studied  exten¬ 
sively  is  based  on  a  transformation  technique  that  maps  u  linear 
array  into  a  planar  array.  The  technique  was  presented  by 
Baklanov*  and  by  Tseng  and  Cheng  for  square  arrays  and  was 
later  adapted  for  rectangular  arrays  by  Goto3’6.  Since  the 
transformation  maps  a  two  dimensional  (6  ,  ♦)  pattern  of  a  planar 
array  into  a  one  dimensional  (8)  pattern  of  a  linear  array,  the 
resultant  pattern  has  ring  aidelobes  (whose  heights  are  independ¬ 
ent  of  (j>)  with  non-circular  contours.  Furthermore,  the  technique 
fundamentally  synthesises  a  linear  array;  thus,  it  enables  one 
to  use  any  of. the  optimal  or  non-Qptimal  synthesis  techniques  for 
linear  arrays.  Elliott3  extended  the  technique  to  synthesise 
arbitrary  sidelobe  topography.  Goto,3,6  has  discussed  the 
application  of  this  transformation  technique  to  hexagonal  arrays, 
whereas  Goto7  and  Cheng  and  Chen6  have  treated  optimal 
syntheses  of  regular  hexagonal  arrays.  In  order  to  synthesise  a 
k-ring  hexagonal  array,  synthesis  of  a  (2k+l)  element  linear 
array  .a  needed.  Thus,  in  the  synthesis  procedure  there  are  at 
most  k  degrees  of  freedom;  i.e.  up  to  k  different  parameters  may 
be  specified  to  control  the  hexagonal  array  pattern. 

Althuugh  the  transformation  synthesis  procedure  is  straight¬ 
forward,  it  is  rather  cumbersome;  the  voltage  excitations  of  the 
planar  array  are  obtained  from  those  of  the  corresponding  linear 
array  after  extensive  numerical  computation  which  is  reminiscent 
of  the  computation  of  coefficients  in  Chebyshev  synthesis.  Fur¬ 
thermore,  it  is  difficult  to  provide  any  intuitive  understanding 
of  the  null  loci  as  well,  as  illumination  (voltage)  tapers.  The 
examples  discussed  by  the  researchers  would  indicate  no  simple 
relationship  to  the  voltage  tapers  of  the  corresponding  linear 
array*  This  is  contrary  to  what  one  would  have  expected  from  t^e 
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technique*  To  be  specific,  if  e  Teylor  type  illumination  end 
sidelobe  structure  is  used  as  a  linear  array  design*  then 
although  the  eidelobes  of  the  hexagonal  array  will  have  similar 
structure  in  all  asimuth  planes ,  the  aperture  illumination  will 
not  exhibit  the  behavior  of  the  corresponding  linear  array 
illusiination.  The  synthesis  procedure  yields  a  twelve-fold 
sysssetry  in  the  aperture  plane;  a  feature  that  is  analogous  to 
the  rotational  symmetry  of  one-dimensional  circular  Taylor 
illumination.  Thus,  the  synthesis  of  a  hexagonal  array  may  be 
thought  of  as  an  extension  of  the  one-dimensional  circular 
aperture  synthesis  to  two  dimensions. 

The  synthesis  procedure  for  hexagonal  arrqys  described  by 
Kinarsson9  retains  the  symmetry  feature  and  potentially 
increaaea  the  degrees  of  freedom  to  the  naxinv.  possible  commen¬ 
surate  with  the  symmetry  requirements.  The  procedure  ia  numerical 
and  ia  capable  of  providing  optimal  patterns  (i.e.  optimises  aper¬ 
ture  illumination  efficiency  (AIK)  for  a  fixed  sidelobe  level). 

The  problem  is  formulated  as  a  quadratic  programming  problem  and 
requires  a  number  of  iterations  and  a  large  computer  to  obtain 
the  solution. 

Shelton10  studied  regular  hexagonal  arrays  in  depth  and  con¬ 
sidered  a  synthesis  procedure  in  which  small  hexagonal  arrays  are 
convolved  to  snythesise  large  hexagonal  arrays  but  confined  to  one 
degree  of  freedom  which  leads  to  hexagonal  arrays  with  binomial 
voltage  excitations  and  twelve-fold  symmetry.  Laxpati11*12 
introduced  a  null  synthesis  technique  for  planar  arrays*  which  is 
based  on  the  convolution  process  end  is  a  generalisation  to  the 
previous  synthesis  procedure.  This  procedure*  which  utilised  a 
canonical  four-element  diamond  array,  can  be  utilised  to  synthe¬ 
sise  prescribed  arbitrary  nulls  and/or  sidelobe  topography.  For 
a  k-ring  hexagonal  array,  the  procedure  hae  at  most  l.SK  degrees 
of  freedom. 
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An  important  characteristic  of  this  null  synthesis  procedure 
is  that  it  is  non-iterative  and  can  be  readily  implemented  on  a 
small  computer.  It  also  provides  a  larger  number  of  degrees  of 
freedom  than  the  transformation  aynthesis  procedure.  In  an 
attempt  to  evaluate  the  potential  of  tt.\e  null  synthesis 
procedure,  the  present  authors  presented  a  study1^*1^  which 
introduces  the  canonical  arrays  and  discusses  their  role  in  the 
synthesis  of  various  planar  arrays  including  regular  hexagonal 
arrays.  The  results  indicated  that  AIE  is  dependant  on  the 
canonical  arrays  employed  to  synthesise  the  large  array;  it  is 
also  dependent  on  the  number  of  degrees  of  freedom.  Since  AIE  is 
the  ratio  of  the  directivity  of  the  designed  antenna  excitation 
to  the  directivity  of  uniform  excitation,  it  would  be  an 
important  criterion  in  the  selection  of  canonical  arrays,  if  not 
constrained  by  the  symmetry  requirements. 

The  primary  objective  of  this  paper  is  to  consider  the  null 
synthesis  procedure  for  hexagonal  arrays  with  twelve-fold  symmetry 
(thus  employing  smaller  hexagonal  arrays  as  canonical  arrays)  and 
optimise  the  AIE.  Syntheses  of  hexagonal  arrays  with  2,  3,  A  and 
5  rings  are  considered.  In  the  next  section,  after  reviewing  the 
convolution  (null)  synthesis  technique,  symmetry  and  other  charac¬ 
teristics  of  hexagonal  array  are  introduced.  More  detailed 
objectives  are  also  put  forth.  Section  3  analyses  the  1—  and 
2-ring  (seven  or  19  element)  hexagonal  arrays  which  are  used  as 
canonical  arrays  in  the  synthesised  examples  presented  in  Section 
4.  Also  discussed  in  Section  4  is  the  simple  technique  used  to 
achieve  the  near  optimum  value  of  AIE  as  well  as  the  impact  on  it 
of  using  (seven  element,  1-ring  hexagonal  array)  and  Hl9 
(19  element,  2-ring  hexagonal  array)  as  building  blocks.  Section 
5  shows  the  plots  of  patterns  of  the  synthesised  arrays  and  com¬ 
pares  them  with  those  of  uniform  arrays.  Finally,  in  Section  6, 
some  concluding  remarks  are  offered. 


2.  Objectives  of  Convolution  Synthesis 
2. 1  Background 

This  investigation  cl  a  convolution  synthesis  procedure  for 
planar  arrays  was  initiated  because  thavt-  were  no  aero-locus 
synthesis  procedures  analogous  to  those  which  are  commonly  used 
Cor  linear  arrays.  In  contrast  with  the  polynomial  representation 
of  linear  arrays  which  allows  the  pattern  function  to  be  expressed 
in  terms  of  its  roots,  there  is  no  mathematical  formalism  which 
allows  the  pattern  function  of  a  pi  mar  array  to  be  expressed  in 
terms  of  its  sero  loci.  This  situation  ia  not  surprising  because, 
whereas  a  linear  array  has  a  finite  aet  of  seros  which  can  he 
related  to  the  coefficients  of  the  polynomial  describing  the 
pattern  function,  the  symmetrical  ‘planer  arrays  being  considered 
here  have  continuous  sero  loci  with  an  infinite  number  of  loca- 
tions,  and  their  pattern  functions  are  not  expressible  as 
polynomials.  On  the  other  hand,  the  concept  of  array  convolution 
and  pattern  multiplication  still  holds.. 

This  concept  of  snsy  convolution  and  pattern  multiplication 
has  been  proposed  by  these  authors  in  previous  papers.  It  is  in 
effect  what  such  procedures  as  Taylor's  do,  without  relating  the 
zero  locations  to  the  pattern  function  expressions.  For  example, 
an  alternative  approach  to  the  Taylor  synthesis  would  ralata  the 
pattern  zeros  to  small  two-  or  three-element  arrays  and  then 
convolve  them  to  determine  the  overall  array  excitation  directly 
without  being  concerned  about  the  polynomial  expression. 

The  objective  of  this  convolution  synthesis  is  to  select 
appropriate  small  arrays,  which  we  will  refer  to  as  canonical, 
determine  their  sero  loci  from  a/  number  of  small  arrays  to  giva  a 
desired  multiplied  pattern  from  a  large  array,  and  finally  con¬ 
volve  the  small  arrays  to  determine  the  array  distribution  of  the 
large  array. 


This  procedure  is  uot  without  drawbacks.  Whereas  the  linear- 
array  sero  locus  procedures  such  as  Taylor's  tend  to  produce  array 
excitations  with  good  aperturw  efficiency,  this  is  not  necessarily 
the  case  with  planar  arrays*  One  of  the  primary  objectives  of 
the  analysis  of  this  technique  is  to  evaluate  the  aperture 
efficiency  with  which  patterns  of  given  aidelobe  levels  can  be 
synthesised.  Furthermore,  there  is  not  a  readily  available 
procedure  for  relating  the  sero  loci  to  a  given  specified  sido- 
lobe  level,  as  is  the  case  for  Taylor's  and  Dolph's  techniques. 

Therefore,  the  present  status  of  thia  investigation  is  to 
seek  answers  to  the  questions  of  exactly  how  veil  will  the  con¬ 
volution  procedure  work  and  what  is  a  specific  technique  for 
selecting  the  required  sero  loci. 

2*2  Specific  Objectives  of  this  Paper 

One  specific  objective  of  this  paper  is  to  analyse  and 
present  the  pattern  characteristics  of  uniform  symmetrical 
hexagonal  arrays  as  large  as  91  elements.  A  disadvantage  of 
dealing  with  planar  arrays  with  nonseparable  pattern  functions 
is  that  the  characteristics  of  those  patterns  are  not  generally 
familiar  to  workers  in  the  field.  Essentielly  anyone  reading 
this  paper  will  know  what  a  sin  Nx/sin  x  pattern  function  looks 
like  and  that  it  is  the  pattern  of  a  uniform  N-element  linear 
array.  Hew  many  of  us  know  how  to  describe  eveu  qualitatively 
the  characteristics  of  a  uniform  hexagonal  array?  Locations  and 
levels  of  sidelobes  will  be  presented,  and  sero  loci  will  be 
plotted. 

Characteristics  of  two  canonical  arrays  will  be  considered. 

The  seven-element  array  with  one  degree  of  freedom  has  been 
analysed  previously.  The  19-element  array  with  three  degrees  of 
freedom  is  analysed,  and  procedures  for  determining  the  array 
coefficients  in  tq^rms  of  specified  sero  locations  or  vice  versa 
will  be  discussed. 


Using  cheat  canonical  arrays,  arrays  as  large  aa  91  elements 
will  be  synthesised  (or  misua  eperture  efficiency  Ull)»  and 
the  radiation  patterns,  aperture  distributions,  and  aero  loci  of 
these  arrays  will  be  presented  and  compared  with  those  of  the 
uniform  arrays. 

3.  Analysis  of  Canonical  Attars 

The  saro-locus  characteristics  of  tee  canonical  arrays  are 
analysed  in  this  section.  The  first  is  the  one  parameter 
seven-element  array  (h^>  and  the  second  is  the  three-parameter 
19-element  array 

The  coordinate  system  used  for  representing  radiation  pattern 
(unctions  is  shown  in  Figure  1.  The  pattern  function  coordinate 


KJLg.  1  -  Pattern-function  roprot  a  station  in  the  uv  plana 
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corresponding  to  tho  x  coord in* to  of  the  array  i*  u •  *nd  the 
coordinata  corraaponding  to  the  y  coordinate  of  tho.  array  ia  v. 

A  grating-lobe  pat tarn  ia  alao  shown,  which  results  fro*  a 
"stable"  triangular  array  lattice*  that  ia*  a  lattice  for  which 
the  triangles  have  one  horisontal  aide.  Tha  coordinata  system  is 
defined  so  that  tha  angular  distance  from  tha  mainlobe  to  tins 
nearest  grating  lobe  ia  2W. 

Tha  grating-lobe  pattern  of  Fig.  1  has  tha  spatial  periodicity 
of  tha  reciprocal  lattice  of  tho  antenna-array  lattice,  fhe 
coordinates  of  the  grating  lobes  are 

u(m)  -  xny/T 


a  ml 

v(n,n)  -  2x(n  -  y). 

Tlie  general  pattern  function  for  arbitrary  excitation  has  the 
periodicity  of  the  grating  lobes  in  the  u-v  plane*  and  the  cell 
defined  the  hexagon  completely  describes 

the  function*  Furthsrmors,  with  the  symmstry  constraints  which 
w  have  placed  on  the  array,  1/12  of  the  cell*  defined  by  the 
triangle  OC^u ,  is  sufficient  to  completely  describe  the  pattern 
functions  with  which  we  are  concerned.  Also  shown  in  Fig.  I  a 
circle  defined  by  u^  ♦  v^  *  (2ira/A)*,  which  represents  the 
boundary  of  visible  specs.  The  rediue  of  this  circle  is  dirsctly 
proportional  to  a.  The  synthesis  procedures  considered  here 
address  the  hexagonal  cell  without  regard  to  any  limitation^ 
imposed  by  s.  That  is.  psttsrn  functions  are  synthssissd  over 
the  entire  cell  even  thoufh  oart  of  the  cell  could  be  ex:luded 
from  visible  apace  by  appropriate  selection  of  a. 

We  firat  conaidar  the  pattern  characteristics  of  seven-element 
arrays  for  which  the  center  element  hec  unit  excitation  and  the 


wt«r  iliMnti  ir«  excited  with  amplitude  a.  1M  pattern 
(unction  ic  given  by 

K(u .v.a)*>l+e(4cos  coev  ♦  2  cos  ~  ) , 

V*  V3 

end  (or  voluea  of  e  lose  then  1  the  main  lobe  broaden*  end  tho 
iocue  of  eeroe  novee  away  (ton  the  Min  lobe*  The  to  roe  for  the 
x-axia  cut  ere  givon  by 


end  the  eoroe  (or  the  y-axia  cut  ere  given  by 


coev 


l+2a 

4a 


(2) 


Equation*  (1)  er«d  (2)  can  be  examinee*  to  eetebiiah  sou*  limit*  on 
the  ranges  of  a  which  wo  will  investigate.  So roe  (or  reel  values 
of  v  are  found  on  U»o  y-axia  cute  for  a^l/2  and  a<  -  1/4.  Xeroa 
are  found  on  the  u-axia  (or  a  >1/3  and  •<-  1/4.  tor  -  I/Ka<l/3 
the  pattern  (unction  has  no  seroe  (or  real  u  or  v.  These  metric- 
metric  cion*  on  u  and  v  am  simply  due  to  the  pattern  (unction 
and  am  unrelated  to  restrictions  on  u  and  v  which  result  (ran 


the  boundary  of  the  visible  region. 

figure  2  illustrates  how  the  locus  of  seres  moves  with  varia” 
tion  in  the  parameter  a.  The  locus  approaches  0  as  a  +  ~  1/4  from 
below,  and  it  approaches  Cj  .»  «  +  i/3  from  above,  it  can  be 
shown  that  (or  a  near  -l/6(a  •  -<l/6)  -e) 


u  S  v  S5  3V^:  (in  radians) 


O) 


and  that  (or  a  near  1/3  (a  ■  1/3  *4) 
Au  Z  +3VT. 


(4) 


where  u  *  2tV5  ♦  Am*  Equation*  (3)  and  (4)  indicate  that  tha 
locue  of  aero*  becocM*  circular  in  the  neighborhood*  of  0  and 


Kin.  2  *  Ia>uun  of  xcrou  for  various  vulucu  of  a 


Other  characteriatica  of  the  pattern  function  which  are  of 
interact  and  eacily  determined  are  the  pattern  value*  at  Cj  and 
D.  The  pattern  value*  at  0,  and  D  are 

;*0  -  I  +  6a, 

Er  •  1  -  3a, 

CJ 

and 

%  -  1  2a. 


We  next  consider  the  pattern  characteristic*  of  nineteen- 
element  arrays  for  which  the  center  element  ha*  unit  excitation 
and  tne  outer  elements  are  excited  with  amplitudes  a,  b,  and  c, 
a*  indicated  in  Figure  3*  The  pattern  function  i*  given  by 
E(u,v,a,b,c)  •  1  +  2acos  +  2bco*^Jz 

3  v  2y 

+  4cosv(acoa^j  +  ccos^r)+  eoa2v(2c+4bcoa^^) .  (5) 


J.’IT  .i 


O 
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Unlike  the  sevon-e lament  array,  for  which  the  mm  Imiw  ie  itetur* 
•ieed  by  the  value  of  a  an4  the  entire  family  ia  eaaily  plotted 
in  figure  l,  the  nineteen-element  array  has  a  much  Mint  complex 
faeily  of  loci  which  cannot  be  easily  plotted*  An  idea  of  tl»« 
poaaible  loci  can  be  obtained  by  considering  the  behavior  of 
K(u,  v,  a*  b,  c)  on  the  u  end  v  axes* 

On  the  u  axle*  Equation  (5)  yields,  for  v  ■  ot 

E(u,o,a,b,c)  •  l+2c+4ncos  ~  ♦  (2a+4b)cos  ~ 

Va  Vi 

•*  iww  +  itbruN  (A) 

>/l  V 

Equation  (o)  can  ba  expanded  into  a  qua r tic  polynomial  in 

cos  u !'Si%  imply  inn  that  there  can  be  four  aevos  in  u  for  appro* 

prints  values  of  a,  b,  and  c. 

On  the  v  axis*  liquation  (5)  yields,  for  u  •  o, 

E(o,v,u,b,c)  •  l+2a+2b+4(a*c)cosv+(Ab42c)coa2v  (7) 

Equation  (7)  can  be  expanded  into  a  quadratic  polynomial  in  coa  v» 
implying  that  there  can  be  two  so roe  in  v  for  appropriate  values 
of  a,  b,  and  c. 


Pig.  1  -  Assignment  of  coeftlclantn  for  19-element 
canonical  array 
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Sone  useful  relationships  for  symmetrical  hexagonal  arrays 
are  as  follows: 

«  *  3n^  ♦  3or  ♦  1, 

where  H  is  the  number  of  element*  in  an  array  with  nr  rings. 


2 

ne  "  Ibt  (1^/4  +  nr) ,  <H) 

vhere  n  the  number  of  independent  element  voltages  in  an 
»rr^y  with  nr  tings. 

4 .  Computation  of  Maximum  AIE  for  Convolved  Arrays 

It  has  been  noted  that  the  number  of  degrees  of  freedom 
available  from  a  hexagonal  array  synthesized  by  the  convolution 
technique  being  considered  here  is  less  than  the  number  of  inde¬ 
pendent  voltages  which  can  be  placed  on  the  array,  so  that  in 
general  a  precise  synthesis  cannot  be  achieved.  That  is,  if  we 
were  to  require  a  radiation  pattern  function  to  be  defined  as 
precisely  as  possible,  then  it  would  require  independent  control 
of  the  maximum  possible  number  of  elements  in  the  array.  In 
other  words,  the  convolution  synthesis  procedure  cannot  realize 
all  possible  array  voltage  distributions.  This  situation  raises 
the  following  important  questions,  which  must  be  answered  before 
we  proceed  further  in  developing  the  synthesis  procedure: 

1.  Mow  close  to  any  given  array  voltage  distribution  can 
the  convolution  synthesis  approach? 

2.  Under  what  conditions  is  the  synthesis  procedure  useful? 

3.  How  do  these  answers  change  as  the  size  of  the  array 
increases? 

The  basis  for  the  concern  for  the  degradation  in  the 
performance  of  the  synthesis  procedure  with  increasing  array  size 
is  indicated  by  Table  1,  in  which  th*  number  of  elements,  number 
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of  rings,  and  nuabsr  of  independent  element  voltages  arc  listed 
for  various  arrays • 


Table  1.  Some  Parameters  of  Symmetrical  Hexagonal  Array# 


Number  of 

Number  of 

Number  of  Independent 

Kings,  nr 

Elements  N 

Element  Voltages, 

1 

7 

1 

2 

19 

3 

3 

37 

5 

4 

61 

H 

5 

91 

11 

6 

12/ 

15 

7 

159 

19 

( 

\ 


From  Equation  (S)  we  sec  tlial  tlie  ratio  of  the  number  of 
rings  to  the  number  of  independent  elements  is 

n 


n 

lnt(—^  +  nr) 


~  n  +4' 
r 


(9) 


Equation  (9)  is  approximate  for  odd  *>  and  precise  for  even 
nr.  If  we  use  seven-clement  arrays  (H^'  for  the  synthesis, 
the  number  of  degrees  of  freedom  is  equal  to  nf.  if  we  use  one 
19-elemwti:  array  (11^),  the  number  of  degrees  of  freedom 
becomes  n^  +  i  and  increases  by  one  for  each  additional  H19 
that  is  used  in  the  synthesis.  Thus,  if  the  number  of 
arrays  used  is  s,  the  ratio  of  degrees  of  freedom  to  the  number 

of  independent  elements  is 
44«/n 

i_  -  ^ (10) 
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Equation  (10)  and  Tabla  1  naad  not  cause  us  to  despair  of 
achieving  a  useful  synthesis  for  larger  arrays  because *  for 
example,  the  usefulness  of  a  Taylor  synthesis,  which  has  n 
degrees  of  freedom,  is  independent  of  the  sise  of  the  array. 

Thus,  we  can  point  to  a  case  for  which  the  number  of  degrees  of 
freedom  need  not  be  comparable  to  the  number  of  independent 
element  voltages. 

We  have  selected  the  gain  function  as  the  basis  for  a  figure 
of  merit  for  the  convolution  synthesis  procedure.  The  advantages 
of  this  choice  are  that  the  maximum  possible  gain  of  any  array  is 
readily  identified  as  N  (assuming  unity  element  gain),  and  the 
maximum  gain  achievable  from  a  givun  synthesis  procedure  is 
straightforwardly  determined.  A  figure  of  merit  which  can  be 
applied  to  arrays  of  all  sises  is  than  maximum  efficiency  or  Alt, 
which  is  the  ratio  of  the  achieved  gain  to  N. 

We  have  examined  the  characteristics  of  arrays  ranging  in 
sixo  from  7  to  VI  elements  by  applying  the  convolution  synthesis 
procedure  so  as  to  maximise  the  AXE.  Seven- (H?)  «nd  19-element 
(*^y)  arrays  were  used.  Initially,  arrays  synthesised  entirely 
villi  It  arrays  were  examined.  Then  a  synthesis  procedure  using 
one  li^  array  plus  a  number  of  arrays  was  tried. 

Of  course,  the  seveo'*sle>ent  array  is  s  trivial  esse  for 

both  and  h19,  and  tha  19-eltment  array  is  a  trivial  cats 
for  U19‘ 

In  order  to  determine  the  maximum  gain  availabla  from  the 
procedure,  a  straightforward  hill-climbing  techniqua  waa  usad. 
This  technique  involves  the  measurement  of  rate  of  change  of  gain 
with  rtapact  to  all  variable  parameters  and  tha  use  of  e  steepest 
ascent  path  to  the  maximum  gain  condition.  Tha  procedura  can  ba 
carried  out  on  a  programmable  calculator  (with  some  patience)  or 
in  minutes  using  a  desk-top  computer* 


A*  is  the  case  in  many  optimisation  techniques,  tha  hilltop 
that  ono  may  achieve  may  be  local  rather  than  global.  To  avoid 
this  pitfall,  it  is  desirable  to  make  judicious  choices  of  the 
initial  valuas  of  the  parameters.  This  mss  accomplished  by  first 
evaluating  the  sere  loci  of  uniformly  excited  hexagonal  arrays, 
then  attempting  to  sMtch  the  sero  loci  of  the  11^  or  11^  arrays 
with  those  of  the  uniform  array  that  wt  wish  to  approximate.  For 
**•/,  we  use  K<| nation  (l)  or  (2)  to  determine  the  trial  value  of  « 
for  a  given  sero  locus,  for  we  must  select  three  points  on 
the  xero  loci  and  then  select  from  liquations  (5),  (6)  and  (7)  in 
order  to  form  a  sat  of  thraa  simultaneous  equations  in  a,  b,  and 
c,  the  solution  of  which  will  yield  the  desired  initial  values. 

The  steps  in  the  analysis  srs  as  follows:  The  trial  values 
of  the  coefficients  of  Che  various  arreya  being  used  in  ths 
convolution  process  srs  sslected.  Ths  arrays  are  convolved  to 
determine  the  element  voltages  for  the  large  array.  This 
convolut ion  can  be  done  either  nitworicaliy  after  the  coefficient 
values  are  selected  or  algebraically  prior  to  selection  of 
numerical  values.  From  a  computational  standpoint,  the  use  of 
algebraic  expressions  is  more  efficient.  Once  the  element 
vo I l ages  have  been  determined,  the  gain  and  efficiancy  srs  easily 
calculated  from  G  ■  (XfeO^/Zb^.  gsch  coefficient  is  than 
incremented  and  the  corresponding  increment  in  gain  dstsrminud, 
so  that  s  steopest  ascent  path  to  the  maximum  can  be  followed. 

Table  2  lists  Che  resulting  «7  and  «lv  coefficisnts  for 
the  synthssis  procedures  that  ware  attempted,  together  with  tha 
elusHMit  voltages  end  values  of  Alb.  Tha  values  of  Alg  are 
plotted  vu  N  in  Figure  A.  Casa  8  for  tha  61-eleaMQt  array  ia  not 
included  in  figure  *.  *jcausfi  it  represents  a  local  rather  than  s 
global  maximum.  71a  near-circular  sero  locus  close  to  the  main 
beam  was  synthesised  with  o-a*  of  tha  Hj  arrays,  indicated  by 
"  -.2142  in  Table  2.  It  waa  found  that  tha  global  maximum 
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occurs  when  lire  inner  two  ring  xcro  loci  aro  synthesised  with 
(lie  ll^y  array.  Tltu  marked  improvement  thut  its  obtained  by 
•wing  one  array  in  pluco  of  two  of  the  11^  arrays  is  ruudiiy 
apparent  from  Figure  4. 

We  are  encouraged  to  speculate  that  siaximum  Aid  may  be 
asymptotic  with  some  value,  perhaps  in  the  range  of  .8  to  ,8b, 

nr 

for  increasing  N  for  the  procedure.  The  maximum  Aid 

available  from  will  always  exceed  that  obtuinod 

with  (Hy)  r ,  but  It  is  impossible  to  estimate  from  Figure  4 
whether  l here  is  a  separate  asymptote  for  this  case. 

A  qualitative  idea  of  the  relevance  of  theee  AIB  optimlxa- 
i  ions  can  l«u  obtained  by  considering  the  effect  of  reduced 

I 

aperture  efficiency  on  the  radiation  pattern.  If  the  gain 


reduction  ii  due  to  random  fluctuation*  iu  the  aperture  die* 
tribution,  then  the  power  contained  in  thoee  fluctuation*  will  be 
distributed  randomly  into  aidelobee.  Phase  fluctuation*  would 
have  the  same  effect,  but  we  have  no  phase  errors*  These  random 
sidelobes  will  limit  our  ability  to  synthesise  lov-sidalobe 
radiation  patterns* 

Using  this  argument ,  the  mean  level  of  the  random  sidelobes 
can  be  estimated ,  and  the  results  are  plotted  in  Figure  5. 

On  the  other  hand,  it  is  noted  that  the  convolution 
synthesis  procedure  can  be  used  to  achieve  arbitrarily  low 
sidelobes.  For  example,  Shelton  showed  that  a  synthesis  process 
of  the  form  with  all  array  coefficients  equal  to  1/3, 

compresses  ell  aero  loci  to  the  corners  of  the  hexagonal  pattern 
cell  and  results  in  an  aperture  distribution  analogous  to  the 
linear  array  with  binomial  voltages*  It  will  be  demonstrated  in 
the  next  section  that,  in  general,  (Hj)  r  produces  ring 
sidelobes  of  arbitrarily  controllable  height. 

5.  Plots  of  Patterns 

The  arrays  synthesised  and  pr*  sented  in  the  previous  section 
exhibit  a  twelve-fold  symmetry  in  both  aperture  and  pattern  ^ 
planes.  Thus,  it  suffices  to  show  the  patterns  in  1/12  of  the 
hexagonal  pattern  cell  (shown  in  figure  1).  The  symmetry  in  the 
pattern  plane  is  demonstrated  here,  in  figure  6,  for  the  case  of 
a  uniform  array.  The  normalised  field  pattern  contours  are 
plotted  in  the  first  quadrant  of  the  normalised  u-v  space.  Also 
shown  in  this  figure  are  the  section  of  the  pattern  cell  and  the 
twelve-told  symmetric  triangular  cell.  The  position  of  the  main 
beam  (u  *  v  *  0)  is  indicated  on  the  plot  byO*  It  is  clear  fron 
figure  1  that  it  is  sufficient  to  plot  the  patterns  in  the 
triangular  cell  adjoining  the  coordinate  axis;  this  will  be  the 
lse  in  the  plots  that  follow. 
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Fig.  6  -  Field  pattern  of  a  uniform  array  shoving  the 
symmetries  and  the  pattern  cell 

For  a  synthesised  array,  there  are  two  basic  aspects  that 
must  be  studied  to  evaluate  the  synthesis.  One  of  these  is  the 
element  voltages  and  voltage  (illumination)  taper;  the  other  is 
the  pattern  structure/topography.  The  synthesis  technique 
studied  in  this  paper  is  based  on  the  location  of  pattern  nulls; 
hence,  it  mould  be  instructive  to  look  closely  at  the  null  loci, 
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end  compare  than  with  those  of  the  corresponding  uniform  arrays. 
These  characteristics  of  the  synthesis  are  discussed  in  the 
following. 

The  elemenc  voltages  for  each  of  the  large  array  (discussed 
in  the  previous  section)  are  obtained  by  direct  convolution  of 
the  element  voltages  of  the  corresponding  H?  and/or 
subarrays.  Due  to  symmetry,  it  is  sufficient  to  calculate  the 
element  voltages  for  a  small  number  of  elements  in  the  large 
array;  this  number  is  equal  to  the  mmbar  of  degrees  of  freedom 
for  the  array.  From  the  subarray  element  voltages  presented  in 
Table  2,  the  voltages  for  the  large  arrays  were  computed;  these 
are  shown  in  Table  3,  wherein  the  voltages  are  normalised  with 
respect  to  the  center  element.  One  of  tha  characteristics  of 
these  voltages  is  that  it  is  the  lowest  for  the  outermost 
element;  this  is,  of  course,  a  direct  consequence  of  the 
convolution  method  of  synthesis.  With  th*  exception  of  the 
outermost  element,  the  voltages  vary  over  a  3  to  1  range. 

An  interesting  question  that  may  be  raised  in  optinsation  of 
the  AIE  is  how  do  the  null  loci  differ  from  that  of  the  corres¬ 
ponding  uniform  array  which  has  an  AIE  ■  1.  In  figure  7,  the 
null  loci  of  a  uniform  H^9  are  shown  along  with  those  of  the 
synthesised  array.  The  synthesised  array  has  larger 
beamwidth  between  nulls.  The  null  loci  of  uniform  H^,  and  two 
synthesised  arrays  are  shown  in  figure  8.  The  Hjj  array 
synthesised  from  only  subarrays  has  larger  beamwidth  between 
nulls;  however,  the  array  synthesised  using  and  arrays 
has  null  loci  that  is  identical  to  that  of  the  uniform  array; 
i.e.  equal  beamwidth  between  nulls. 

The  null  loci  of  arrays  are  shown  in  figure  9:  for 
uniform  array  in  (a);  for  array  convolved  from  four  arrays 
in  (b);  for  array  convolved  from  H19  and  two  H?  arrays,  where 
all  seros  of  the  H^9  are  near  the  main  beam,  in  vc);  and  in  (d) 
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Fit.  1  -  Hull  loci  plots  of  8  srrsya :  (a)  uniform  (b) 

for  array  eorvolv«d  with  one  H.  subarray  saro  aaas  tha  main  baam. 

# 

Tha  beemwidth  uetweon  nulla  for  (b)  and  (d)  is  largar  than  and  for 
(e)  equal  to  that  of  the  uniform  array  in  (a). 

Figure  1>  shows  tha  null  loci  for  three  different  H^.  The 
heamvidth  between  nulls  for  (b),  the  array  synthesised  from  flue 
Hj  elements,  is  larger  than  that  of  the  uniform  array  in  (a). 

The  array  synthesised  with  one  and  three  elements  has  first 
two  null  loci  (figure  10c)  Identical  to  those  of  the  uniform  array. 

Fop  ail  of  the  synthesised  arrays,  the  loci  of  nulls  away  from 
the  main  beam  are  considerably  different  frora  those  of  the  corres¬ 
ponding  uniform  arrays. 
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Figure 8.  Null  loci  plots  of  H.?  arrays 
(a)  uniform!  (b)  H7*H*H7, 

(c)  R.  <j*H7 
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In  order  to  understand  the  effect  of  AIE  optimisation  on  the 
overall  array  performance,  it  is  also  necessary  to  examine  the 
pattern  topography.  This  is  best  accomplished  through  contour 
plots  of  power  patterns  in  u-v  space.  In  the  following,  the 
power  contours  are  in  3  dB  steps  and  are  plotted  in  the  triang¬ 
ular  cell.  Once  again,  the  u-v  space  is  normalised  and  the  scale 


IT 


it  shown  along  the  coordinate  axis  only.  Furthennor«i  contour 
levels  are  not  shown  for  the  sake  of  clarity;  however,  the  levels 
may  be  readily  determined  from  the  fact  that  the  lowest  contour 
level  shown  in  all  plots  is  -39dB. 

Figure  11(b)  and  (c)  show  the  patterns  of  a  uniform 
and  of  the  Hj^  array  synthesised  from  the  convolution  of  two 
subarrays.  The  3dB  beamvidth  of  synthesised  array  is 
slightly  larger.  Notice  the  similarity  of  the  pattern  in  (c) 
with  the  pattern  in  (a)  which  is  for  a  uniform  Hj  array.  The 
ring*-like  structure  of  the  pattern  is  quite  apparent. 

Patterns  of  array  for  the  cases  of  a  uniform  and  the 
two  synthesised  arrays  ere  shown  in  figure  12.  The  near-in  side 
lobe  level  of  the  synthesised  arrays  is  within  0.5dB  (greater 
than)  of  that  of  the  uniform -array.  The  pattern  of  figure  12  has 
a  ring-like  near-in  sidelobe  structure  and  the  main  beam  is 
relatively  flat.  This  is  depicted  by  multiple  O  symbols  near  the 
main  beam.  Also,  the  3dB  beamwidth  is  larger.  However,  the 
pattern  of  figure  12(c)  has  3dB  beamwidth  slightly  leas  than  that 
of  the  uniform  array. 

Patterns  for  the  three  designed  arrays  and  a  uniform 
Hgl  array  are  shown  in  figure  13.  Pattern  in  (b)  ate  for  the 
array  synthesised  with  four  H?  8ubarrays  and  has  a  strong 
ring-like  structure.  The  near-in  sidelobe  level  is  slightly 
below  that  of  the  uniform  array  shown  in  (a);  however,  the  3dB 
beamwidths  are  identical  for  two  arrays.  The  pattern  topography 
of  figure  13(c)  near  the  main  beam  and  the  first  sidelobe  peak  is 
nearly  identical  to  that  of  the  uniform  array.  Recall  that  this 
array  is  synthesised  using  a  H1?  array  with  ail  its  seros  near 
the  main  beam.  Although  the  first  and  second  nulls  are  identical 
(as  pointed  out  previously),  the  3dB  beamwidth  is  marginally 
larger.  The  array  for  which  the  pattern  is  shown  in  fig.  13(d) 
is  synthesised  using  a  array  with  its  sero  near  the  main 


beam.  This  results  in  a  ring-like  pattern  around  the  near-in 
sidelobe  peak;  however,  the  widening  of  the  ring  array  from  the 
coordinate  axis  may,  in  fact,  result  in  a  sidelobe  peak  near  the 
edge  of  the  cell  and  it  may  show  up  if  the  pattern  plot  was 
generated  in  smaller  dB  steps. 

Shown  in  figure  14  are  the  patterns  for  arrays: 
uniform,  and  the  two  arrays  synthesised  with  and  H19 
arrays.  Figure  14(b)  shows  patterns  of  the  array  generated  from 

five  Hj  subarrays  which  exhibit  ring-like  structure  of  a  11^ 
array.  The  3dB  beamwidth  is  greater  chan  that  of  the  uniform 
array.  The  pattern  in  figure  14(c)  has  a  sidelobe  level  nearly 
identical  to  that  of  the  uniform  array;  and  the  3dB  beamwidth  is 
slightly  larger. 

From  the  patterns  presented  in  this  section,  the  following 
general  characteristics  of  the  synthesised  arrays  may  be  readily 
identified.  In  all  of  the  syntheses,  the  ring-like  sidelobe 
structure  near  the  main  beam  is  generated  in  optimised  arrays 
provided  the  seros  of  the  subarrays  are  near  the  main  beam; 
however,  this  generally  leads  to  lower  AIK.  Another  interesting 
feature  is  that  the  number  of  sidelobe  peaks  in  the  triangular 
cell  are  less  than  or  equal  to  those  of  corresponding  uniform 
arrays. 

6.  Conclusions 

An  analysis  of  7  and  19  element  symmetric  hexagonal  arrays 
which  ferm  canonical  arrays  in  the  synthesis  of  larger  arrays  is 
carried  out.  Also  shown  ere  the  null  loci  end  pattern  plots  of 
uniformly  excited  7,  19,  37,  61  end  91  element  hexagonal  arrays. 

The  null  loci  of  larger  uniform  arrays  are  utilised  as 
initial  data  in  the  convolution  synthesis  of  them  for  high 
aperture  illumination  efficiency.  The  synthesis  is  carried  out 
by  convolving  one  or  more  of  either  7  and/or  19  element  canonical 
arrays.  The  AIE  of  the  convolved  array  is  optimised  by  a  hill 
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Fig.  14c 


Figure  14.  Power  pattern  i 
(b)  <H  *)\  <c) 


climbing  process.  The  aperture  illumination,  AIE,  null  loci  and 
patterns  are  presented  for  several  different  arrays  of  as  large 
as  91  elements.  The  null  loci  and  the  pattern  topography  of  each 
of  these  arrays  are  compared  with  those  of  the  corresponding 
uniform  arrays.  Two  useful  features  are  identified.  If  the 
synthesis  procedure  utilises  only  H?  canonical  arrays,  then  the 
main  beam  and  usually  the  first  sidelobe  exhibit  nearly  circular 
locus.  Synthesis  of  larger  arrays  with  the  H19  canonical  array 
leads  to  patterns  that  have  main  bean  null  locus  identical  to 
that  of  the  corresponding  uniform  array. 

Aperture  illumination  efficiencies  for  syntheses  involving 
only  subarrays  appear  to  have  an  asymptotic  value  in  the 
range  of  0.8  to  0.85.  Synthesis  of  still  larger  arrays  must  be 
carried  out  to  establish  this  bound  conclusively.  However,  as  it 
should  be  expected,  the  syntheses  utilising  the  array 
exhibit  higher  AIE  than  the  synthesis  utilising  only  H?  arrays. 

These  convolution  synthesis  results,  in  addition  to 
determining  the  maximum  AIE  of  the  convolved  arrays,  may  provide 
the  basis  for  a  iow-sidelobe  synthesis  technique.  If  a  procedure 
analogous  to  the  Taylor  synthesis  is  used,  in  which  the  seros  of 
the  maxiiuuiu-gain  configuration  are  pushed  outward  from  the  main 
beam,  the  starting  maximum-gain  configuration  for  the  hexagonal 
array  case  may  be  the  meximunrAIE  convolved  arrays. 
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/  ABSTRACT 

^  Rocontly  there  has  been  substantial  Interest  In  wideband 
nulling  techniques  and  a&tmpanylng  physical  llwltatlons  Imposed 
by  the  antenna  system.  Pattern  nulls  way  be  Imposed  detemln- 
Istlcally  or  adaptively  and  the  antenna  patterns  ere  often  de¬ 
graded  by  excitation  errors.  This  paper  IS  concerned  with 
wide  angle  nulls  In  Ideal  (non-errored)  patterns.  For  such 
patterns  wide  angle  nulls  are  equivalent  to  wideband  nulls. 

For  an  M.e1emnt  array  there  are  at  nost  N.1  nulls  pos-  / 
slble  in  angle.  A  limiting  possibility  would  be  to  move  all  /J  J 
H»1  nulls  to  within  som  small  angular  region*  (A^hnd  accept 
the  fact  that  the  resulting  pattern  would  bare  no  resemblance 
to  the  original;  this  approach  would  give  the  latest  possible 
null  depth  for  any  particular  wide  angle  band.  .In  this  paper 


the  null  depth  and  width  are  examined  with  the  constraint  that 
the  fewest  nulls  be  moved.  This  constraint  Is  Imposed  because 
of  the  assumption  that  the  original  pattern  before  being  nulled 
was  desirable.  A  closed  form  solution  Is  given  f or  both  equally 
spaced  nulls  and  equal  amplitude  nulls. 
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CONSTRAINTS  ON  NULLING  BANDWIDTH 


Introduction 

Since  the  deterministic  pettem  over  some  engular  region  varies 
linearly  with  frequency  one  obvious  method  of  producing  broad  band  - 
nulls  with  frequency  Independent  weights  Is  to  generate  them  over 
the  corresponding  angular  region  (see  Fig.  1).  If  the  angular 

region  is  treated  in  this  manner,  the  questions  then  become:  hew 

«•  •  • 

low  will  the  sldelobe  region  be  over  what  angular  extent*  and  at 
what  price?  It  Is  the  solution  to  these  questions  that  Is  the 
purpose  of  this  paper. 

An  array  of  K  elements  has  K-l  possible  nulls  In  Its  pattern. 

One  possible  approach^)  is  to  move  all  K-l  nulls  Into  the 
angular  region  desired.  This  approach  should  give  the  lowest 
possible  energy  over  that  nulled  angular  region  but  a  badly  deteriorated 
pattern  outside  the  null  region.  A  second  approach(^)  is  to 
reduce  the  pattern  In  the  nulled  region  to  Its  Invest  possible  value 
while  keeping  the  pattern  outside  that  region  as  close  to  the 
original  as  possible.  A  third  idea^)  is  to  move  the  nulls  In 
a  semi  linear  fashion  to  create  a  smooth  variation,  tony  other 
approaches  are  certainly  possible.  The  approach  followed  here  Is 
to  move  just  the  M.nulls  of  the  K-l  possible  while  leaving  the 
remaining  K-l  -h. nulls  unchanged. 

One  of  the  serious  problems  of  adaptive  antennas  with  frequency 
independent  weights  is  the  wide  band  nulling  capability  of  particular 


antennas.  It  Is  possible  to  design  types  of  antennas  that  have 
Inherent  wide  band  nulling  behavior*  but  as  a  general  rule*  however, 
obtaining  deep  nulls  over  a  large  bandwidth  Is  quite  difficult. 
There  are  tw o  basic  limitations.  One  Is  the  behavior  of  the  deter* 
minlstic  pattern  Itself,  whose  angular  response  varies  inversely 
with  frequency.  At  any  one  frequency  a  null  may  be  moved  to  or 
generated  at  any  angle,  but  that  null  will  change  angle  with  fre¬ 
quency.  This  would  mean  .a. null  only  in  the  center  of  any  finite 
bandwidth.  A  second  limitation  Is  caused  by  errors.  It  will  not, 

In  general,  be  true  that  all  errors  behave  similar  to  the  determin¬ 
istic  pattern  in  terms  of  frequency.  Some  will,  some  will  not. 

This  second  limitation  Is  not  addressed  In  this  paper. 

Two  approximations  are  used  to  determine  the  relationship  be¬ 
tween  null  width,  number  of  nulls  moved  and  null  depth;  first,  the 
array  Is  very  large,  and  second  the  region  to  be  nulled  Is  not  near 
the  main  beam.  The  results  of  using  these  two  approximations  Is 
that  Schelkunoff  polynomial  method  expressing  the  array  factor  as 
a  complex  polynomial  can  be  used  for  a  local  regior.  of  angular 
.(-ace  rather  than  the  entire  unit  circle.  In  fact,  the  error 
caused  by  using  a  linear  local  region  rather  than  the  entire  circle 
is  a  serious  concern  because  using  the  ratio  of  the  two  pattern 
before  and  after  perterbation  effectively  cancels  the  large  error 
terms.  Prom  Schelkunoff (*) 

a) 

l*o 


233 


where 


1#  denotes  the  progressive  phase  shift 

f(©)a  £  la-iie.1^  b; 


i  0  Sv 

where  bt  s  t  " 

M-l 

so  f=Ti*»iit;  (3) 

c«o 

If  Is  small 
then  f(0)  can  be  written 

f  *  JTO*  'bi )  (41 

i*i 

where  b^  are  the  zeros  of  the  far-field  pattern.  This  expression 
shows  that  the  field  at  any  angle  given  by  t  is  proportional  to 
the  product  of  the  distances  from  that  point  to  all  the  nulls  In 
the  pattern. 

Sidelobe  Levels  by  Distance  from  Nulls 
In  Fig.  3  the  nulls  are  represented  by  points  and  the  obser¬ 
vation  point  by  a  circle  with  V  representing  the  distance  between 
nulls. 


Then  the  Initial  sldelobe  level,  5U0,  It  given  by 


41%  I 


where  f\,  represents  e  Urge  number  far  frost  the  observation  point. 
Hiving  a  specific  number  of  nulls,  N,  from  their  original  location 
closer  together.  Mill  reduce  the  sldelobe  energy  within  that  region 
given  by 


For  a  centrally  located  lobe,  the  new  sldelobe  level  It  SU|  w\ich  It 


s  u.  « 


For  simplicity  the  null  bamtoldth  Is  defined  from  edge  lobe  peak 
to  edge  lobe  peak  and  a*  Is  the  spacing  between  nulls  within  Am 
for  the  perturbed  pattern.  .1 
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The  sldelobe  reduction  HASH 

..... 

^5Ll%  J U.  S  aM* 

but  a'  = 

N  - 1  end  (M-l)a  -  •  ♦ 


(9) 


ft  *  the  original  number  of  nulls  In  A*c 


\  / 

in  field 

(10) 

« 

V  H  -9*/ 

In  power 

(11) 

A.SU  - 
A SLi  : 

Since  the  null  at  the  center  of  the  reduced  region  will  be  lower 
than  any  other  lobe  In  the  nulled  region,  an  estimate  of  the 
reduction  In  an  edge  sldelobe  Is  also  desired  for  equally  spaced 
nulls.  The  edge  sldelobe  level  Is  SU.£ 

3u«  «*> 


The  equation  for  the  unperturbed  pattern  can  be  written 

5u„*£-£ 


(13) 
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Therefore 


ASH  -  f£  ' .  -  <»> 

^  T*  6»m-0  Infield 

i  *  '  • 

*  *  N->- 


asu  •  ’"  ’*•' ,» 

L  i  -* 

Equal  Amplitude  Ripple  In  the  Hulled  Band 

The  previous  equations  give  reductions  In  the  central  lobe  and 
of  an  edge  lobe  of  a  nulled  region  as  a  function  of  the  original 
number  of  nulls  W,  which  Is  related  to  the  angular  bandwidth  or 
nulled  region  and  N  the  number  of  nulls  that  are  moved.  Both 
equations  are  for  equally  spaced  nulls  In  the  nulled  region. 

Another  useful  expression  Is  derived  for  equal  amplitude  lobes  fay 
placing  nulls  at  unequal  spacing* •  For  nulls  (In  the  nulled  re¬ 
gion)  that  are  located  at  a  large  distance  from  the  unchanged 
nulls*  Cheybshev  spacing  provides  equal  lobes.  The  location  of 
a  set  of  nulls  is  given  by 

i’i’P+O  for  N  even 


cosir  f> 


for  M  odd 
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As  before 


S1U«. 


If 


f-' 

-  (M-t)a  -*•-»*• 


A>a  =  (M-i)**!*1'*) 

A>  (N’>.) 

v(N->) 


a.  - 


or  a.* 


nulls  beyond  aM  (16) 


f,r  A/<*X 


(N-or*-'! 

Therefore  the  equation  for  the  sidelobe  reduction  in  power  is 


(H-'i  j  L  1  -T^r— 


(17) 


(18) 


(19) 


(20) 


(21) 


(22) 


Conclusions 

Some  equations  have  been  devised  to  give  sidelobe  reduc¬ 
tion  as  a  function  of  angular  bandndth  (proportional  to  frequency 
tandvidth)  and  number  of  nulls  moved. Both  equally  spaced  nulls  and 
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equal  amplitude  lobes  In  the  nulled  region  are  treated. 

Several  limitations  are  required.  These  Include:  1)  con¬ 
sideration  of  serious  internal  reflections  2)  nulling  regions 
are  not  very  close  to  the  main  beam  3)  arrays  must  be  large,  and 
4)  for  the  equal  amplitude  with  large  bandildth,  the  formulas 
are  most  accurate  for  large  si  delobe  reduction. 
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ABSTRACT 


At  tho*  operating  frequencies  of  most  survaillanca  radars,  air- 
bo  rna  targets  ara  larga  compared  to  a  wavelength,  and  thair  RCS 
characteristics  can,  therefore,  be  described  in  terms  of  returns 
from  scattering  centers.  If  the  spatial  distribution  and  relative 
strengths  of  these  scattering  centers  can  be  determined,  the  target 
can  be  Identified  bv  comparison  with  data  for  known  targets.  The 
method  proposed  \<u«  enables  one  to  extract  this  information  from 
RCS  data  gathered  noncoherently  within  a  modest  bandwidth. 


The  work  reported  in  this  paper  was  supported  in  part  by  the  Office 
of  Naval  Research  Grant  N00014-81-K-Q245  and,  in  part,  by  the  Joint 
Services  Electronics  Program  under  Grant  N00014-79-C-0424 . 


1.  INTRODUCTION 


VKcfw 

A  back- scat tar ad  cv  signal  fro*  *  tar gat  with  N  scattering 
centers  can  be  decomposed  in'  >  N  signals ,  each  with  a  different 
phase  and  magnitude.  The  physics  of  the  scattering  process  ^ 

(reflection  or  diffraction)  determines  the  relative  magnitude  of  ^ 
each  contribution,  while  the  phase  is  dependent  on  the  distance  n 
from  the  scattering  center  to  the  observation  point.  Let  the 
incident  field  be 


H^Cr)  -  H  e_Jkx 


CD 


(2) 


The  back-scattered  field  as  measured  by  a  linearly  polarised  re¬ 
ceiving  antenna  can  then  be  expressed  as 

*  — ■ 

jk*  N  j  2ks • r 

H(k,s)  <v.  l  A^(k)  e 

n«l 

where  r  is  the  location  of  scattering  center  n  and  A'(k)  is  a 

XX  u 

weighting  coefficient  determined  by  the  scattering  process.  For  a 
small  range  of  k,  A^(k)  can  be  approximated  by 


A'(k)  -  k  e 
n  n 


yj* 


,  v  real. 
’  'a 


(3) 


For  a  fixed  value  of  z,  we  then  have 

N  (y.  +  JO 
H(k)  «  l  Kn  e  n 
n-1 


(4) 
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vhara  d  -  2s  •  7  .  y..  *►  H.  A  r  i*  a  spatial  frsquancy  and  has 
dimensions  of  length.  xha  problem  at  hand  la  to  charactariaa  a 
radar  tar  gat  by  da  t training  tha  valuaa  of  tha  unknowns  la  (4)  froa 
knowledge  of  H(k)  aaaplad  over  a  finlta  bandwidth.  A  aathod  for 
solving  thla  typa  of  nonllnaar  problaa  vaa  lntroducad  by  Proay  in 
1795. 1,2,3 


2.  PROMT'S  METHOD 


Assume  that  a  aat  of  2N  data  points  aatlaflas  tha  ralation 


A  N-l 

«S>  4  Sn  '  l  *1  « 

1-0 


N-l 

A.  a 
i-0  i 


q(k0  +  ndk) 


n  -  0,  1,  ....  2N-1  (5) 


vhara  &k  la  tha  spacing  batwaan  successive  aaaplaa  and  tha  A' a  and 
€'s  ara  2N  complex  unknovna  to  ba  determined .  Lattlng 


a 


i 


(6) 


Eq.  (5)  can  ba  written 


l  .hk° 


N-l 

I 

1-0 


(7) 


Ha  now  construct  a  polynomial  with  unknown  coefficients  oq  whoso 
roots  are  tha  s^'a: 
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0  for  t  -  s^. 


(8) 


N-l  N 

n  -  I  a  *  - 

i-0  1  n-0  a  1 

A  system  of  .linear  equations  involving  only  the  a's  and  the  (known) 
tt's  can  ba  obtained  as  follows.  Using  (7),  vs  can  writs 


N 


a-0 


N  N-l  _  i.kf. 

I  “o  I  *1*1  •  1 

A  "A  11 


HiVM?  v?l 

i-0  1  la-0  n  x J 


(9) 


The  bracketed  term  vanishes  because  of  (8)  and,  thus, 


N 


a-0 


«  H  *  0 
n  a 


(10) 


An  additional  N-l  equation  can  be  obtainad  similarly.  We  then  have 


N 

t  «PV.  ‘ 0  •  *  *  *• 1 . “-1-  (u> 

p-0  p 

Equation  (11)  represents  N  equations  which  can  be  solved  for 
the  N  unknown  a* a.  (Equation  (8)  implies  that  has  been  arbitrar¬ 
ily  chosen  to  equal  unity,  which  is  permissible  because  of  the 
homogeneous  nature  of  the  equation.)  If  the  u's  are  known,  an 
appropriate  polynomial  root  finding  technique  can  be  used  to  find 
the  z^'s  in  (8)  and,  therefore,  the  g^'s  in  (6).  The  only  remain¬ 
ing  unknowns,  the  A's,  can  be  found  by  solving  another  system  of  N 
linear  equations  obtained  directly  from  (7).  Thus,  Prony's  method 
involves  the  inversion  of  two  H  x  N  matrices  and  the  factoring  of 
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an  N***  order  polynomial, 

Tho  values  found  through  Prpny's  method  arm  exact  if  the 
Initial  data  are  exact  and  of  the  aedtaad  fora*  In  practice, 
neither  condition  will  be  strictly  eat la fled.  It  la  therefore  de¬ 
sirable  to  Introduce  some  redundancy  and  find  eolutiona  representing 
the  "best  fit"  to  the  measured  data.  This; can  be  done  by  increas¬ 
ing  the  number  of  data  points  beyond  211  and  arilfying  Eq.  (10)  to 
read 


%  «,  y.  •  -w  .-0.1 . h-x 


(12) 


shne  M  la  the  nusb«r  of  data  points.  In  matrix  form,  the  left- 
hand  aide  of  this  equation  becomes  the  product  of  an  N  x  M  matrix 
and  the  vector  of  a'a.  If  both  sides  of  the  equation  are  multi¬ 
plied  on  the  left  by  the  MxN  matrix  which  is  the  transpose  of  the 
matrix  of  H  values,  an  N  x  N  matrix  Is  obtained  on  the  left  and  the 
solution  can  proceed  as  before.  Results  obtained  in  this  way  are 
optimal  in  the  least  squared  error  sense. 


3.  REQUIREMENTS  OF  PHONY'S  METHOD 

The  spacing  between  successive  samples  of  H(fc)  must  be  chosen 
such  that  the  Nyquist  criterion  is  satisfied,  l.e.,  4k  must  be  less 
than  half  the  period  of  the  highest  frequency  component  of  H(k). 

As  can  be  seen  from  Eq.  (4),  this  (spatial)  frequency  is  equal  to 
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Choosing  the  origin  mid- 


the  dQ  of  greatest  absolute  value,  d^, 
wey  between  the  two  extreme  ecettering  centers,  we  have  the  require¬ 
ment 


where  1  ia  the  length  of  the  scatterer. 

Sampling  theory  atatea  that  the  bandwidth  (hMX  •  kM<w)  moat 
be  greater  than  the  number  of  apatial  frequencies  present,  N, 
divided  by  dMit,  In  practice,  this  ia  not  a  significant  restric¬ 
tion.  The  actual  bandwidth  requirements  are  dependent  upon  the 
amount  of  noise  present,  as  discussed  below. 

Ideally,  one  should  know  a  priori  how  many  spatial  frequencies 
(the  number  of  scattering  centers)  are  present  in  order  to  apply 
Prony's  method.  However,  good  results  can  still  be  obtained  by 

4 

assuming  a  number  of  spatial  frequencies  greater  than  the  number 
actually  present  and  discarding  spurious  frequencies  generated  by 
the  algorithm.  These  can  usually  be  identified  by  their  low  rela¬ 
tive  amplitudes  and  by  comparing  results  for  the  same  data  with 
different  assumptions  of  spatial  frequencies  present.  "True" 
frequencies  always  appear  while  different  spurious  ones  are  pro¬ 
duced  in  each  case.  If  none  of  the  frequencies  survive  this  test, 
it  can  be  concluded  that  too  few  frequencies  were  assumed.  Figure 
1  shows  the  results  of  analysing  back-scattered  data  from  a  pie¬ 
shaped  cylinder  (es  calculated  using  GTD  formulas)  under  the 
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X  (9.1  *10”*) 


(i.7*io‘,,)-*a 


(l.lsWT4) 


<3.1  *10”* 

(3.2*10”*) 

(3.2*10”*) 


.2^3.7*10”*) 
(3.7*10”*) 
(3.6*10”*) 


(2.3XIO”10) 


Figure  1.  Calculated  spatial  frequencies  of  ple-shepod  cylinder 
under  three  different  assumptions  as  to  the  number  of 
frequencies  present.  The  numbers  in  parenthesis 
represent  amplitudes. 


assumptions  that  5,  6,  and  7  frequencies  are  present.  It  can  be 
seen  that  the  three  scattering  center  locations  are  correctly 
identified  in  each  case  while  the  spurious  frequencies  of  different 
cases  do  not  coincide. 


4.  NONCOHERENT  DETECTION 


Implicit  i.i  the  above  analysis  is  the  assumption  that  the 
measured  data  points  (the  Hq's)  are  complex,  which  Implies  coherent 
detection  by  the  radar  receiver.  Useful  results  can  also,  be 
obtained  from  data  gathered  noncoherently .  Consider  the  case  where 
the  field  analyzed  is  that  due  to  two  sources  at  z  ■  +  |  with 

amplitudes  A  and  B.  We  then  have 


jk(z  -  *0  +  f) 

|H(k,z) j  «  I A  e  0  2  + 

-  /a2  +  B2  +  2AB  cos  kd  . 


B  e 


jk(z  -  zQ  -  j) 


(14) 


From  this  equation,  it  can  be  seen  that  the  spectral  content  of 
i  H(k) (  is  determined  by  the  location  of  the  sources  relative  to 
each  other  and  contains  no  information  as  to  their  absolute  location 
in  space.  As  a  consequence  of  this,  when  more  than  two  scattering 
centers  are  present,  the  results  of  analysis  are  ambiguous.  For 
example,  a  case  in  which  the  scattering  centers  at  z^,  z^  +  d^ ,  and 
ZQ  +  dl  +  d2  ia  indl-8tin8uishable  from  those  where  the  locations 
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are  *q#  *q  +  d^,  an<*  *0  ^1  ^2‘ 

S.  NOISE  PERFORMANCE 

On*  advantage  of  using  noncoherent  detection  ie  greeter 
inuunity  to  noise.  There  is  little  noise  tolerance  in  the  case 
of  coherent  detection,  but  the  imaginary  part  of  the  spatial 
frequencies  (the  quantity  of  most  Interest)  can  be  extracted  from 
noncoherent  data  even  when  Gaussian  noise  is  added  to  give  an  RMS 
SNR  of  2  or  less.  Table  1  shows  the  effect  of  bandwidth  on 
accuracy  in  the  presence  of  noise.  In  the  table  the  average  per¬ 
cent  error  in  the  3  spatial  frequencies  of  a  square  cylinder 
under  various  noise  and  bandwidth  conditions  are  compared.  Each 
entry  la  the  average  of  ten  cases  with  different  noise  (of  the 
same  statistics) . 


TABLE  1 

AVERAGE  PERCENT  ERROR  IN  THE  THREE  CALCULATED  SPATIAL 
FREQUENCIES  OF  A  SQUARE  CYLINDER  (NONCOHERENT  DETECTION) 


SNR 

30%  BW 

25%  BW 

20%  BW 

15%  BW 

10%  BW 

100 

.04 

.05 

.06 

.06 

.09 

10 

4.63 

3.53 

2.85 

4.84 

2.10 

4 

6.97 

7.22 

6.80 

8.38 

8.14 

2 

10.44 

10.68 

10.45 

10.84 

11.72 

( 
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The  actual  amount  of  noise  that  would  be  present  in  a  practical 
situation  would,  of  course,  depend  on  the  environment.  It  should 
be  noted,  however,  that  the  signal-to-noise  ratio  can  be  made 
arbitrarily  large  by  increasing  the  time  of  observation  at  each 
(cw)  frequency  and,  thereby,  averaging  out  the  error  (assuming 
target  motion  is  negligible) .  The  total  observation  time  can  be 
reduced  by  interrogating  the  target  at  several  frequencies  simul¬ 
taneously  by  transmitting  a  signal  with  a  "comb"  spectrum.  Other 

workers  have  also  reported  success  with  new  techniques  for  reducing 

4  5 

the  noise  sensitivity  of  Prony's  method.  *  Both  coherent  And 
noncoherent  detection  schemes  can  therefore  be  expected  to  be 
successful  in  a  practical  environment. 


6.  SPLIT  SPECTRUM  ANALYSIS 


In  some  instances,  a  single  radar  may  not  possess  sufficient 
bandwidth  for  the  desired  level  of  accuracy.  In  such  cases,  a 
modified  Prony's  method  can  be  used  to  analyze  simultaneously  data 
gathered  by  two  or  more  radars  operating  in  different,  noncontiguous 
bands.  For  the  case  of  two  bands  ranging  from  kg  to  kQ  +  (M^-l)Ak 
and  from  kg  +  k  to  kg  +  (hg-l)Ak,  Eq.  (8)  becomes 


N4M2-Ml 


n«Q 


p  - 

N-l 

r-rt  1 

- 

e 

q  (z-z6*) 

i-0  1 

i-i  4 

_  J 

L  J 

(15) 


where  the  z  are  "extraneous"  roots  chosen  such  that  as  many  as 
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L,  q^,  and  q2  are  chosen  such  that 

L  -  M1-q1  -  -  (N+K2-M1-*2-l)  (18) 

in  order  to  form  a  rectangular  matrix  from  Eq.  (17).  (Several 
choices  for  these  parameters  will  generally  be  possible.)  The  a's 
can  now  be  found  as  before.  It  must  be  recalled*  however*  that  the 
polynomial  in  (16)  has  extraneous  roots  which  must  somehow  be  dis¬ 
tinguished  from  the  roots  of  interest.  This  can  be  done  by  first 
finding  the  approximate,  values  of  the  roots  by  analyzing  one  of  the 
constituent  bands  in  the  standard  way.  A  convenient  way  of  finding 
the  roots  of  interest  in  Eq.  (16)  is  to  use  an  algorithm  which  can 
utilize  approximate  values  of  the  roots  as  initial  guesses.  Ti^e 
remaining  unknowns  can  be  found  ea  before.  Table  2  compares  results 
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from  the  analysis  of  data  from  a  square  cylinder  for  the  vide-band- 
width  case,  the  same  frequency  band  with  two  gape  (three  eubbande) , 
and  the  lowest  subband  by  itself.  In  arriving  at  the  figures  for 
the  split  spectrum  case,  the  Cs&ae)  data  were  analysed  for  eight 
different  values  of  the  parameter  L  and  the  results  were  averaged. 
It  can  be  seen  that  the  split  spectrum  results  are  quite  comparable 
to  those  for  the  entire  band  without  gaps,  even  though  more  than 
half  of  the  data  was  discarded. 


TABLE  2 

ERROR  IN  THE  THREE  LOWEST  SPATIAL  FREQUENCIES  OF  A  SQUARE  CYLINDER 
AS  CALCULATED  BY  THE  STANDARD  AND  MODIFIED  PRONY'S  METHOD 

Note  that  the  entire  band  contained  222  data  points 
(BW  -  83%)  and  each  subband  35  points  (BW  *  20%,  14%,  10%). 


Spatial  frequency 

Entire  band 
without  gaps 

Lowest 
band  alone 

Three  sub¬ 
bands  together 

dl 

1.74 

39.07 

1.92 

d2 

0.09 

1.56 

1.06 

dl  +  d2 

0.68 

4.99 

0.46 

TOTAL 

2.51 

45.62 

3.44 
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7.  CONCLUSIONS 

A  method  of  radar  target  identification  has  been  proposed 
which  distinguishes  targets  by  the  locations  of  their  scattering 
centers  in  space.  The  technique  is  workable  with  coherent  and  non¬ 
coherent  radars  possessing  bandwidths  on  the  order  of  20X.  The 
effect  of  noise  has  been  considered,  and  a  method  for  utilising 
split  spec truii  measurements  has  bean  presanted.  The  proposed 
technique  would  require  only  minor  modifications  to  existing  radars 
to  be  implemented. 
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Aba tract 

~V 

Land-mobile  coaaualeatloa  systems  designed  to  oporato  over 
the  upper  portion  of  the  UBF  bead  in  an  urban  awitoaawt  aro 
vary  susceptible  to  frequent  vide  signal  variations ,  also  known 
as  fades*  which  arise  due  to  the  presence  of  esny  obe true t ions  ia 
the  propagation  path  between  the  traaseittsr  and  receiver* 
Degradation  of  systaai  performance  resulting  frost  this  type  of 
fading  aust  be  overcome  by  means  other  than  an  increase  la 
transmitter  power. 

This  paper  describes  a  aathod  of  conbetlag  aultipath  fading 
which  nakes  use  of  the  fact  that  the  resultant  vertical  electric 
V  field  and  horlaoatal  magnetic  fields  of  the  Incident  waves  at  the 

sane  point  in  space  are  uncorrsleted*  and  therefore*  statisti¬ 
cally  Independent.  The  method  described  incorporates  a  select loe 
diversity  combiner  in  the  mobile  wit,  c  The  inputs  of  the  erne* 
blner  stem  from  the  outputs  of  s  single  multiport  antenna*  such 
as  the  eonopole-elot  antenna*  which  responds  to  the  vortical 
electric  field  and  either  the  x  or  y  component  of  the  magnetic 
field  of  a  vertically  polarised  transmitted  wove. 

The  VSUK  at  both  ports  of  a  sodium-profile  eono pole-slot 
antenna  is  on  the  order  of  2:1  over  a  10X  band  end  its  efficiency 
is  greater  than  801  over  a  comparable  band*  as  well.  In  addi¬ 
tion*  the  nonopole-slot  antenna  can  be  segmented  to  provide  an 
omnidirectional  transmit  pattern  in  asimuth*  if  so  desired. 


1.  Introduction 

In  mobile  communication  syateas,  the  Used  arises  for  a  broad¬ 
band  antenna  which  is  both  electrically  small  and  well-matched  to 
a  transponder.  The  monopole-slot  antenna.  Which  was  introduced 


/ 
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The  monopole-slot  antenna  also  provides  a  for*  of  diversity 
reception  that  can  be  used  to  over  cone  difficulties  associated 
with  aultlpsth  propagation.  These  probleas  are  particularly 
severe  In  UH#  and  alerovavs  land-mobile  communication  In  urban 
environments.  The  objective  of  this  paper  la  to  provide  data 
evaluating  the  aonopole-slot  antenna  for  use  In  the  new  land-* 
nobile  service  over  the  800-900  MBs  band. 


The  monopole-slot  antenna  shown  in  Figure  1  consists  of  a 
center-fed,  cavity-backed  linear  slot  In  a  horlsontal  plane  and  a 
vertical  nonopole .  Both  eleaents  are  excited  at  the  sane  point 
by  a  single  mlcrostrlp  transmission  line  which  is  connected  to 
the  transponder  at  one  end  and  to  a  matched  load  at  the  other 


| 
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•ad.  Tha  conplaaantary  inpadanca  charactarlatlca  o t  tha  apatpoli 
•ad  slot  raault  la  an  antaana  vhich  has  •  stable  input  lapadaaca 
ovtt  a  vida  rant*  of  frequencies. 

Tha  radiation  fialdt  of  tha  aonopola-alot  ancanna  are  tha  aua 
of  tha  fialda  producad  by  tha  two  radiating  alaaanta*  Vhan  tha 
fields  of  tha  tvo  alaaanta  ara  proparly  veightad,  tha  resulting 
aslauthal  radiation  pattarn  la  a  eardlold  with  ass  lean  along  tha 
4x1 a  parpandlcular  to  tha  alot  In  tha  dlraetloa  of  tha  port  vhlch 
la  fad  ^ .  Tha  dlraetloa  of  tha  eardlold  la  ravaraad  Vhan  tha 
taralnatlon  and  signal  aourca  art  interchanged*  Tha  dlractlonal 
properties  of  a  uall-daaignad  aonopola-alot  antenna  ara  vain- 
talnad  over  a  vida  rang*  of  fraquanclaa . 

In  1*80,  tha  aonopola-alot  vaa  nod  If  lad  by  Ovik  to  lncor- 
pora  Co  a  atrlpllna  fa ad  ,  and  it  vaa  daaionatratod  by  fischcn 

that  tha  broadband  nature  of  tho  aonopola-alot  ranaina. 

Slnca  thla  atruetura  improves  both  tha  aachauical  strength  and  RF 
shielding  of  tha  faad,  tha  atrlpllna-fad  aonopola-alot  la  hottar 
aultad  for  use  la  laod-aohlla  ayatana. 

Tha  aonopola-alot  ant anno  contain*  alaeanta  Vhleh  raapond  to 
both  tho  vertical  aloe trie  flalda  and  tha  horlsontal  aagnatie 
flalda  of  aalnuthally  incident  «m.  It  Haa  previously  baan 
danonotratad  that  tha  aonopola-alot  antonna  raducas  fading  cauaad 
by  aovlng  through  a  standlng-vava  flald  ^ 


Thia  haa  pronptad 


an  Investigation  of  the  use  of  tha  aonopole-slot  antenna  In 
diversity  receiving  systems* 

2.  TBS  MEDIUM  PROFILE  MSHOFOLE-SLOT  4NTEHNA 
2*1  Desitn  Criteria 

Two  noaopole-sxot  antennae  for  use  over  the  proposed  land- 
mobile  comunication  band  from  825  to  890  MRi  mere  built  and 
tested.  In  addition  to  the  criteria  stated  in  the  Introduction, 
two  additional  daalgn  criteria  sere  used.  The  antenna  was  to 
operate  with  naxinun  efficiency  over  the  traneait  portion  of  the 
band  (825-845  Mis),  and  the  height  of  the  mono pole  use  to  be 
reduced  aa  auch  as  possible  without  seriously  degrading  the  per¬ 
formance  of  the  antenna;  hence  the  naate  "medium- prof  lie" . 

2.2  The  Antenna 

In  the  previous  work  by  Mayas,  Vlesenaeyer,  at  el.  ^ ^ , 
^ ,  on  various  aonopole-slot  antennas  which  Incorporated 
alcrostrlp  feeds,  the  cavity  had  little  effect  on  antenna  perfor¬ 
mance  since  the  antenna  was  operated  far  below  the  lowest  cavity 

r  21 

resonance.  Concurrent  with  this  research,  Psschen  1  4  showed 
that  a  atrlpllne-fed  aonopole-slot  antenna  could  also  be  designed 
to  operate  In  a  band  between  the  TB^oi  *nd  ^103  cavity  resonan¬ 
ces.  Figure  2  shows  such  an  antenna.  It  was  designed  to  operate 
over  the  band  from  820  to  890  MBs.  The  antenna  was  constructed 
using  two  sheets  of  3/18  in.  thick,  single-dad  Baxollta  2200 


Fit*  2*  CipMitlnl;  top- loaded  aoaopole-elot  «kwm  designed 

to  operate  between  the  Rioi  end  THios  cavity  resonances 

board  with  a  SO-oha  atrlpllna  feed.  The  dimensions  of  the  cavity 
are  1.3  la*  by  11.0  la.  tad  lta  TEjoi  «®d  TEjoj  resonances  aara 
calculated  to  ba  434  Mi  and  1146  MHz,  respectively.  The  aono- 
pole  aaa  capacltlvely  top-loaded  with  a  circular  patch  of  copper 
tape  aad  the  width  aad  length  of  Aw  alot  ware  adjected  to  yield 
•11  aad  »2i  loci  which  indicated  the  beat  aatch  aad  hlghaat  effi¬ 
ciency  over  the  operating  band.  The  performance  criteria  atatad 
in  Seetlon  2.1  ware  beat  act  ualag  aa  aataana  with  die  following 
dlaaa* least 

Monopola  Slot 

Haight  ■  1.0  la.  Width  •  0.9  in. 

tadlua  of  length  •  4.75  la. 

Top-Loading  Fetch  *  0.9  in. 


The  scattering  ptrtMCtrt  of  this  nonopole-slot  antenna  wri 
measured.  The  «u  measurements  ara  phase-referenced  to  tho 
cantor  of  tho  tat anna  vhlla  tha  *n  measurements  ara  phasa- 
rafaraocad  to  tha  ant anna  porta.  Tha  s-parsaetars  of  tha 
nonopole-slot  ant  anna  ara  show  In  Figure  3.  Tha  *n  locus 
ravaala  that  tha  VSm  at  tha  Input  port  of  antanna  la  laaa  than 
2:1  over  tha  ant Ira  operating  hand. 

Tha  efficiency  of  tha  aonopola-alot  antanna  la  daflnad  aa  tha 
ratio  of  power  radlatad  to  power  Input  and  can  ha  calculatad 
directly  from  tha  scattering  parameters  using  Equation  (1). 
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Tha  aj^j  and  *21  loci  for  this  antanna  reveal  that  tha  antanna  is 
at  least  76  percent  efficient  over  tha  entire  operating  band. 

Tha  efficiency  of  this  antanna  over  tha  tr an salt  band  ranges  from 
84  percent  at  823  MHs  to  89  percent  at  84S  MHs. 


Tha  aaimuthal  radiation  patterns  for  tha  first  nonopole-slot 
antenna  are  shown  in  Figure  4.  The  F/»  ratios  over  tha  receive 
band,  which  extends  froa  870  to  890  HHs,  ware  calculated  to  be 
around  12  dB,  while  those  calculatad  over  tha  transait  band  ware 
found  to  be  around  16  dB.  Tha  aonopole  appears  slightly  dominant 
over  both  bands. 


t 
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Fig.  4.  Azimuthal  radiation  patterns  for  the  monopole-slot 
antenna  shown  In  Fig.  2 
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Since  the  beat  overall  performance  of  eke  loir-profile  hybrid- 
•lot  antenna  «ea  obeerved  eken  operating  near  a  cavity  rosonanee, 
the  second  monopole-slot  antenna  eae  designed  to  operate  In  the 
vicinity  of  die  TEioi  cavity  resonance  ^ .  It  eae  constructed 
using  two  sheets  of  3/16  in.  thick ,  single-dad  Bexollte  2200 
board  and  a  30-ohw  stripline  feed.  The  dlaenslons  of  the  cavity 
were  4.2  in.  by  9.0  In.  and  Its  TEiqi  resonance  was  calculated  to 
be  962  MHs.  the  bast  performance  of  this  antenna  was  achieved 
using  a  conical  monopola  and  linear  slot  shosa  dimensions  are 
given  below. 

Conical  Monopole 
Haight  »  1.0  in. 
tadlus  at 

Truncation  ■  1.2  In. 

The  antenna  la  shown  in  Figure  5. 


Slot 

Width  -  0.3  in. 
Length  -  7.6  In. 


Fig.  3.  Conlcal-monopole-linear-slot  antenna  designed  to 
operate  below  the  TH^q^  cavity  resonance 
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Inspection  of  Figure  6  reveals  that  VSWR  la  less  than  1.75:1 
at  the  Input  over  tha  entire  operating  band  while  the  efficiency 
Is  In  excess  of  72  percent  over  this  band.  The  efficiency  of 
this  antenna  over  the  transmit  band  ranges  from  81  percent  at  825 
MH*  to  85  percent  at  845  The  effect*  of  the  TB^oi  cavity 

resonance  appear  suppressed  In  both  the  and  sj2  loci. 

The  patterns,  which  are  shown  In  Figure  7,  Indicate  a  slight 
dominance  by  the  slot  over  the  entire  operating  band.  F/B  ratios 
over  the  receive  band  range  from  13  dB  at  870  MHz  to  28  dB  at  890 
MHz. 

Thus  far  it  has  been  demons tat ed  that  a  medium-profile 

) 

monopole-slot  antenna  can  be  made  to  operate  satisfactorily  over 
the  land-mobile  communication  band  from  825  to  890  MHz.  The 
remainder  of  this  work  evaluates  the  performance  of  a  selection- 
diversity  mobile  receiving  system  which  employs  a  two-port 
antenna,  such  as  the  ones  discussed,  in  a  multipath  environment. 

3.  A  RECEPTION  SCHEME  FOR  UHF  LAND-MOBILE  COMMUNICATION  WHICH 
INCORPORATES  A  MONOPOLE-SLOT  ANTENNA  AT  THE  MOBILE 

3.1  Background 

Systems  designed  to  operate  over  the  800-900  MHz  band  In  an 
urban  environment  are  very  susceptible  to  wide  signal  variations, 
also  known  as  fades,  which  arise  due  to  the  presence  of  many 
obstructions  in  the  propagation  path  between  the  transmitter  and 

,  “n 
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(b>  S21 

Fig.  6  and  §21  for  the  conical-aotioyjl*-' laear-slot 
antanna  shown  iu  Fig.  5 


( 
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receiver.  Degradation  of  systnm  performance  resulting  from  this 
type  of  fading  oust  be  overcome  by  means  other  than  an  Increase 
in  transmitted  power. 

Described  herein  is  a  method  of  combating  multipath  fading 
which  makes  use  of  the  fact  that  the  resultant  vertical  electric 
field  and  horizontal  magnetic  fields  of  the  incident  waves  at  the 
same  point  in  space  are  uncorrelated,  and  therefore,  statisti¬ 
cally  Independent 

3.2  A  SIMPLE,  DYNAMIC  MODEL  OF  MULTIPATH  FADING 
IN  URBAN  LAND-MOBILE  COMMUNICATION 

The  following  is  a  widely  used  model  of  a  land-mobile  com¬ 
munication  system  in  an  urban  environment  that  has  been  validated 
experimentally.  The  reader  is  referred  to  Jakes  ^  for  a  more 
detailed  description. 

Figure  8  depicts  a  mobile  unit,  in  which  the  receiver  is 
located, traveling  with  velocity,  v,  in  the  x-direction.  A  ver¬ 
tically  polarized  wave  (IT  »  £  Ez)  is  transmitted  from  a  fixed 
location,  scattered,  and  received  by  the  mobile.  The  transmitted 
signal  is  an  unmodulated  carrier  of  angular  frequency,  uc.  The 
scattered  waves  are  assumed  to  be  vertically  polarized  and  origi¬ 
nating  from  fixed  scatterers  at  random  locations.  The  resultants 
of  the  three  field  components  seen  by  the  mobile  can  be  derived 
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Fig.  8.  Plane-wave  Incident  on  aoblle 

from  the  sua  of  N  vertically  polarised  plane  eaves,  incident  aai- 
muthally  at  rendoa  angles,  c^,  with  respect  to  the  velocity  of  the 
mobile.*  It  la  assuaed  that  no  direct  propagation  path  between 
the  transmitter  and  the  aoblle  exists.  This  Is  often  the  case  In 
an  urban  envlronaent. 

Due  to  the  randoa  orientation  and  location  of  the  aoblle,  the 
phases  of  the  incident  waves,  are  assuaed  to  bo  a  randoa  sat 
which  are  uniformly  distributed  between  0  and  2*.  The  relative 
tine  delays  of  the  incident  waves  are  assuaed  to  be  of  the  saae 
order  of  magnitude  as  the  reciprocal  of  the  carrier  frequency. 

The  distribution  of  incident  power,  p(a).  Is  assumed  to  be  uni- 


The  assumption  that  all  waves  incident  on  the  aoblle  are  con¬ 
fined  to  aslauthal  propagation  paths  Is  valid  when  one  considers 
the  fact  that  in  jjjjality  the  incident  waves  are  confined  to  a 
relatively  small  spread  in  elevation.  Experimental  data  pre¬ 
sented  by  both  Jakes  [7]  and  Clarke  [8]  affirm  the  validity  of 
thjLs  assumption.  The  effects  of  elevation  angle  have  been 
accounted  for  in  Aulin's  model  [9]. 
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fora  ever  tho  rant*  la  arrival  anti*  between  -t  and  t*. 
note,  however,  that  tha  amplitudes,  phases,  aad  arrival  angles  of 
tha  incoming  aavaa  ara  aaauaad  to  ba  statistically  lodepaadant, 
and  therefore,  lndapandant  random  varlabloa. 


Tha  Doppler  ahift  In  angular  frequency,  Uq,  of  aaeh  of  tha 
lnddant  aavaa  la  found  by  projactlng  tha  raapaetlva  aava  vactor 
onto  tha  valodty  vactor  of  tha  aoblla. 


Mg  ■  -8n  •  v  ■  Bv  coa  on 


(2) 


whara  TTn  ■  3  [-5  coa  -  y  ala  an],  8  ■  fe  “  carrlor  fra- 

C 

g 

quency,  and  c  -  3  *  10  a/aec. 


Tha  resultant  electric  and  aagnatlc  fialda  at  tha  origin  of 
tha  coordinate  ayataa  on  tha  aoblla  ara  expressed  In  phaaor  fora 
by  Bquationa  (3)  through  (3) 


Tha  unifora  dlatribution  of  Incident  power  ovar  arrival  angle 
doaa  not  imply  that  wavaa  will  ba  lnddant  on  tha  aoblla  froa 
ovary  direction  at  all  tlaaa.  Instead,  It  lapliaa  that  since  tho 
position  and  orientation  of  tha  aoblla  with  respect  to  tha 
transaltter  and  scatterers  ara  unknown  and  randomly  changing,  tha 
likelihood  that  a  wave  la  Incident  Iroa  any  given  angle,  an,  i§ 
the  sane.  Tha  distribution,  p(a),  can,  tharafora,  ba  Interpreted 
as  an  average,  as  opposed  to  an  instantaneous  description  of  a 
stochastic  process. 


( 
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■jti 


cn  coa  • 


whara 


E0  ■  amplitude  of  the  transmitted  wive 

n0  "  intrinsic  impedance  of  free  space 

cn  -  the  amplitude  of  the  nfc^  incident  save  relative  to 
the  amplitude  of  the  transmitted  wave 

(>n(t)  ■  phase  of  the  nth  incident  uave 


V*)  "  “n*  +  ♦n  <  gv  (6) 


Equation  (6)  reveals  that  the  phase  of  each  of  the  incident 
waves  4.a  determined  by  two  Independent  random  variables;  the 
Doppler  frequency,  ui,,,  and  the  phase,  $n.  Since  both  u^t  and  $n 
era  uniformly  distributed  on  [0,2v],  9n(t)  is  also  a  random 
variable  which  la  uniformly  distributed  on  [0,2?].  The  time- 
varying  nature  of  the  random  phase,  9n(t),  results  in  a  random 
frequency  modulation  of  the  received  signal,  tftich  has  adverse 
effects  on  the  performance  of  the  system 


The  amplitudes  of  the  Incident  waves  are  normalised  such  that 
N 

I  >  •  1,  where  <  >  denotes  the  ensemble  average  of  a  fan- 

n«l 

don  variable 4 
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Sines  the  maximum  Doppler  shift  la  well  when  compared  to  the 
carrier  frequency,  the  incident  fields  ere  narrowband  rendoe 
processes*  When  the  number  of  incident  waves,  It,  la  asauned  to 
be  large,  the  reeultant  fields  are  described  by*  a  normal 
(Gaussian)  probability  density  function  as  prsdlcted  by  the 
central  Halt  theorea.  The  Gaussian  nodal  assumes  a  constant 
•sen  received  signal  power  since  it  describes  an  ergodlc  process 
«  The  validity  of  this  nodal  results  froa  the  fact  that 
local  signal  variations  are  such  sore  abrupt  than  variations  due 
to  a  change  in  the  position  of  the  mobile. 


The  resultant  fielda  incident  on  the  aoblle  (Equations 
(3)-(5))  are  usually  discussed  in  terns  of  random  modulation  of 
the  carrier,  wc.  Due  to  the  random,  time-varying  nature  of  the 
phases  of  the  incident  waves,  both  the  amplitude  and  frequency  of 
the  carrier  are  randomly  modulated*  The  design  of  a  com¬ 
munication  system  is  Influenced  to  a  great  extent  by  the  slgnal- 
to-noise  ratio  (SHE)  of  the  received  signal;  thus  the  distribu¬ 
tions  of  the  random  envelopes  of  the  resultant  incident  field 
components  are  of  great  importance.  It  has  been  shown  that  the 
random  envelopes  are  Bayleigh  distributed;  thus  their  densities 


are  of  the  fora  given  by  Equation  (7) 


[10] 


p(r)  -  — - — _  .'('/rrms >‘ 
(rrme) 


r  >  0 


(7) 


where  t  it  the  respective  envelope,  and  rn|t  lta  root-mean- 
•quar*  value.  Tha  raa  valuaa  of  the  envelopes  of  tha  resultant 
magnetic  fields  art  lata  than  tha  ms  valuaa  of  tha  anvalopaa  of 
tha  raaultant  alactrlc  flald  by  a  factor  of  1//7  ^  1 . 

Whan  tha  anvalopa  of  oaa  of  tha  flald  components  drop#  below 
lta  xaa  valua,  a  fada  la  aald  to  hava  occurrad.  Inapactlon  of 
Equation  (7)  ravaala  that  doap  fadaa  (r«rraa)  ara  auch  laaa 
llkoly  to  occur  than  shallower  ooaa.  Thla  la  an  important 
characteristic  of  Rayleigh  fading  ^ . 

Tha  rataa  at  Which  fadaa  occur  hava  baan  shown  to  ha  propor¬ 
tional  to  both  tha  velocity  of  tha  aobila  and  tha  carrier  fre¬ 
quency*  In  addition,  it  has  baan  shown  that  tha  rates  of  fading 
of  tha  envelope  of  By  ara  greater  than  tha  rates  of  fading  of  the 
envelope  of  E,  by  a  factor  of  1.2  while  the  rates  of  fading  of 
tha  envelope  of  ara  lass  than  those  experienced  by  the  enve¬ 
lope  of  Es  by  a  factor  of  0.58 

3.3  AN  ILLUSTRATIVE  EXAMPLE  OF  THE  RAYLEIGH  FADING  PHENOMENON 
To  illustrate  tha  affects  of  Rayleigh  fading  that  one  ■sight 
encounter,  an  example  Is  presented  below.  A  mobile  is  traveling 

I 

at  a  spaed  of  30  MPH  t’  rough  tha  canter  of  a  large  city.  The 
racelver  in  the  mobile  Is  tuned  to  receive  a  carrier  at  880  MBs 
and  no  direct  propagation  path  exists  between  the  base  station 
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and  tha  mobile.  k  vertical  ship  (monopole)  latnu  ahlch 
responds  co  the  vertical  electric  (laid  la  positioned  atop  tha 
vehicle.  Tha  maximum  Doppler  shift  of  tha  oarrlar  frequency  la 
about  79  Ba.  Tha  level  eroaalag  rata  and  average  (ado  duration 
for  30  dB  fadaa  of  tha  maultant  alactrlc  (laid  strength  ara 
6.23  sec”1  and  160  u-aec,  respectively.  If  cha  speed  of  tha 
aoblla  la  laeraaaad  to  60  NFB,  tha  level  eroaalag  rata  for  30  dl 
fadaa  of  tha  alactrlc  (laid  strength  la  doublad  to  about  12. 3 
aac  1  and  tha  average  fade  duration  bacoaes  about  80  u-aac.  This 
results  In  an  annoying,  If  not  devastating,  effect  on  the  parfor- 
nance  of  the  receiver. 

If  a  10  GBa  carrier  la  used,  the  affects  are  even  aore 
notable.  For  a  aoblla  traveling  at  a  speed  of  30  NPH,  the  level 
crossing  rata  and  average  fade  duration  for  30  dB  fadaa  of  tha 
electric  field  atrength  are  about  71  sec'1  and  14  u-aac,  respec¬ 
tively. 

This  example  shows  that  the  parfornancs  of  a  land-mobile  com¬ 
munication  systeu  in  an  urban  envlronsMnt  la  severely  hampered  by 
the  affects  of  Rayleigh  fadiug  due  to  aultlpath  propagation.  In 
the  next  section  the  grounds  will  be  established  for  a  receiving 
acheaa  which  mitigates  the  effects  of  aultlpath  propagation  on 
the  performance  of  such  a  system. 


3.4  CORULATIOM  0 9  THE  RESULTANT  FIELD  COMPONENTS 
tn  common  iocaT^oJ  flHTBB  Habile 

la  Section  3.2  difference*  ear*  noted  to  exlee  between  the 
level  crossing  rate*  ead  average  duration*  of  fadea  of  the  enve¬ 
lope*  of  the  three  resultant  field  components  seen  at  the  mobile. 
In  addition  to  the  difference  in  the  Doppler  effect*  on  wnvea 
incident  from  different  angle* ,  the  *catt*r*r*  which  give  rlaa  to 
these  wave*  aro  randomly  positioned  in  azimuth.  Renee,  both  the 
amplitude*  and  phase*  of  waves  incident  from  different  directions 
are  statistically  Independent,  and  therefore  uncorrelated.  Since 
the  resultants  of  the  throe  field-componanta  seen  by  the  mobile 
are  linear  combinations  of  the  respective  field  components  of 
waves  incident  from  different  directions,  both  the  envelopes  and 
phases  of  all  three  resultant  field  components  are  statistically 
independent  at  a  common  location  on  the  mobile  ^ ^ . 

3.5  PERFORMANCE  CHARACTERISTICS  OP  THE  MONOPOLK-SLOT  ANTENNA 

TTTT  - 

The  monopola-slot  antenna  which  ma  described  in  Section  2 
contains  elements  Which  respond  to  the  vertical  electric  fields 
and  either  the  x*or  y-component  of  the  magnetic  fields  of  Inci¬ 
dent  plane  wevea.  The  monopole,  which  is  an  electric  dipole, 
responds  to  Es;  and  the  slot,  which  is  a  magnetic  dipole, 
responds  to  either  or  9^,  depending  on  how  the  antenna  is 
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oriented.  tenet,  the  signals  appearing  *t  eht  two  ports  of  tho 
aonopole-slct  tnttnnt  trt  llnotr  combination*  of  tho  resultants 
of  Kg  and  aithar  H*  or  Hy  Slnea  tha  level  cross log  ratas 

of  tha  anvalopa  of  8g  art  lata  than  thoaa  of  tha  envelope  of 

Hy  bp  a  factor  of  It  appears  favorable  to  orient  tha 

aonopole-slot  antanua  atop  tha  aobila  so  it  respond*  to  Bg  and 

H,.  This  is  accoapllahad  bp  orienting  tha  sloe  so  its  length  is 
along  tha  centerline  of  tha  vahida  as  shown  in  Figure  9*  Tha 
signals  appearing  r.t  ports  1  and  2  of  this  antenna  are  denoted  bp 
f  and  g,  raspectivalp,  and  art  expressed  in  Equations  (8)  and 
(9). 

Port  Is  f  -  k{Es  +  aHg]  Volts  (8) 

Port  2;  g  «  Ic[Bt  -  aH*]  Volts  (9) 


•out 


Fig.  9.  Orientation  of  the  aonopole-slot  antenna  on  a  aoblle 
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The  constant,  a,  In  (8)-(9),  has  bean  shown  to  te  the  ratio 
of  the  moment  of  the  equivalent  magnetic  current  of  the  slot  to 
the  ncment  of  the  equivalent  electric  current  of  fha  monopole 
and  its  Image*  The  dimension  of  "a"  is  ohms.  The  constant,  k, 
which  also  appears  in  (8)-(9)  is  the  moment  of  the  equivalent 
electric  current  of  the  monopole,  normalized  by  one  ampere;  its 
dimension  is  length.  tar  a  monopole-slot  antenna  designed  to 
operate  near  the  resonancea  of  both  radiating  elements,  the  para¬ 
meter,  a,  can  be  calculated  from  the  front-to-baek  (F/B)  ratio  of 
its  azimuthal  radiation  pattern*  Typical  values  of  "a”  for 

a  well-designed  monopole-slot  antenna  range  from  0.6  no  when  the 
monopole  is  slightly  dominant  (F/B  *  12  dB)  to  1.5  hq  when  the 
slot  is  slightly  dominant  (F/B  *•  14  dB) .  A  cardioid  pattern  is 
observed  when  the  parrmeter,  a,  is  exactly  equal  to  hq.  A  plot 
if  the  F/B  ratio  vs.  a/n0  is  shown  in  Figure  10. 

It  was  previously  noted  that  signals  due  to  S2,  H*,  and  Hy, 
individually,  would  be  statistically  independent.  Signals  due  to 
Ez  and  ^  individually  can  be  obtained  from  the  output  ports  of 
the  monopole-slot  of  Figure  9  by  introducing  f  and  g  into  the  sum 
and  difference  ports  of  a  180°  hybrid.  In  what  follows,  it  is 

The  operating  band  of  the  monopole-slot  as  a  land-mobile  com¬ 
munications  antenna  is  defined  as  the  bend  over  which  it  i3  most 
efficient.  Experimental  data  suggest  that  this  band  is  centered 
about  the  frequency  at  irtiich  both  the  monopole  and  slot  are 
resonant. 
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Fig.  10.  Front-to-back  ratio  vs.  a/nQ  over  the  operating  band 
of  a  weM -designed  monopole-slot  antenna 


shown  that  this  additional  signal  processing  is  unnecessary.** 


Since  the  resultant  components  proportional  to  Ez  and  H*  of 
the  signals  at  ports  1  and  2  of  the  monopole-slot  are  uncorre¬ 
lated,  the  performance  of  this  antenna  as  a  receiving  antenna  in 
a  Rayleigh-f ading  environment  is  most  easily  assessed  by  exa¬ 
mining  the  statistical  properties  of  the  two  signals,  f  and  g. 
When  Equations  (8)-(9)  are  divided  by  the  constant,  k,  expressions 
for  the  not  alized  signals  at  ports  1  and  2  are  obtained. 

Port  1:  F  *  f/k  -  E2  aO*  (10) 

Port  2:  G  ■  g/k  ^  Ez  -  aH*  (11) 


xi p— —————— 

Although  reception  does  not  require  isolation  of  the  signal  com 
ponents  proportioned  to  Ez  and  H*,  respectively,  transmission 
usin'-  only  the  omnidirectional  pattern  of  the  monopole  is  often 
desirable.  This  is  accomplished  by  feeding  both  ports  of  the 
aonopole-slot  antenna  with  signals  equal  in  both  magnitude  and 
phase,  and  can  be  done  either  by  '-'eding  only  the  sum  port  of  the 
hybrid  or  by  using  an  in-liue  powtr  divider  with  equal  phase 
shift  on  the  two  arms. 
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The  resultants  of  Kg  and  aHg  sra  compler  Gaussian  random  pro¬ 
cesses  with  zero-mean;  hence,  the  two  signals,  F  end  G,  are  also 
Gaussian  variates  with  sero-mean. 


The  envelopes  of  F  and  G,  denoted  by  rp  and  r g,  respectively, 
are  ttaylelgh  distributed  with  identical  densities  which  are  given 
by  Equation  (12). 

P<r)  -  e”r‘/2°2  (12) 

o 

where  r  -  either  rp  or  rg.  The  rma  values  of  both  envelopes  are 


(13) 


which  is  greater  Chan  the  ms  values  of  the  envelopes  of  either 
Eg  or  H*.  An  Identical  result  would  have  been  obtained,  had  the 
monopola-slot  been  oriented  to  respond  to  Ez  and  Hy 


The  biggest  advantage  gained  by  using  a  monopole-slot  antenna 
in  a  land-mobile  communication  system  which  must  operate  in  an 
urban  environment  becomes  apparent  when  the  correlation  between 
the  envelopes  of  the  two  signals,  F  and  G,  is  analyzed.  The 
correlation  between  the  two  envelopes  is  usually  expresses  in 
terms  of  their  correlation  coefficient,  p  ^10J.  It  can  be  shown 
that  the  correlation  coefficient  of  the  t\fp  envelopes,  rp  and  rg,  is 


o 


(14) 
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which  is  highly  dependant  on  the  par avatar,  a.*  A  plot  of  p  ver¬ 
sus  a/n0  is  shown  in  ?igur«  11.  Inspection  of  Equation  (14)  reveals 
that  if  the  annopole-slot  is  designed  in  such  a  way  that  a  ■  /? 
nQ,  the  fading  properties  of  its  two  outputs,  f  and  g,  will  be 
independent.**  ^ 


•  2  I  2 

Fig.  11.  Correlation  coefficient,  o,  of  F  |  and  G  |  vs.  a/n0 


For  a  well-designed  nonopole-slot  antenna,  the  value  of  "a'* 
ranges  from  0.6  n„  for  slight  donlnatlon  by  the  nonopole  ,  to  1.5 

The  sane  correlation  coefficient  results  when  the  nonopole-slot 
la  oriented  to  respond  to  Ex  and  By. 

**When  a  -  /T  nQ,  the  aelmuthal  radiation  pattern  haa  a  F/B  ratio 
of  *  15  dB  and  the  slot  is  slightly  dominant.  Also,  for  this 
value  of  "a"  the  ms  values  of  the  components  of  F  and  G  due  to 
the  incident  electric  fields  equal  the  ms  values  of  the  components 
due  to  the  incident  magnetic  fields.  In  Section  3.2, tit  was 
noted  that  the  ms  value  of  either  the  x- or  y« component  of  the 
incicent  magnetic  fields  less  than  the  ms  value  of  the  incident 
electric  field  by  a  factor  of  1//7;  hence  tftten  the  slot  is 
slightly  dominant,  this  difference  is  offset  and  the  two  signal 
components  have  the  same  ms  value. 
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n0  for  slight  domination  by  the  slot.  The  corresponding  limits 
of  the  correlation  coefficient  of  rp  and  tq  for  a  well-designed 
monopole-slot  are  therefore  0.48  and  0.003,  respectively.  This 
implies  that  the  outputs  of  a  monopole-slot  antenna  whose  slot  Is 
slightly  dominant  will  have  fading  characteristics  which  are 
almost  independent. 

rn  the  next  section,  it  is  shown  how  the  performance  of  a 
land-mobile  communication  receiver  which  must  operate  in  an  urban 
environment  can  be  greatly  improved  by  connecting  the  two  outputs 
of  a  well-designed  monopole-3lot  antenna  to  a  selection- 
diversity  combiner  prior  to  detection. 

3.6  A  SELECTION-DIVERSITY  RECEPTION  SCHEME  WHICH  INCORPORATES 

the  '  - - 

In  the  selection-diversity  combiner,  the  signals  from  two  or 
more  diversity  branches  are  sampled  and  the  branch  containing  the 
strongest  signal  is  connected  to  the  receiver.*  Ideally,  the 
fading  properties  of  the  signals  are  statistically  independent; 
however,  it  has  been  demonstrated  that  nearly  optimal  performance 
of  a  dual- branch,  selection-diversity  combiner  is  obtained  a a  long 
as  the  magnitude  of  the  correlation  coefficient  of  the  two  enve- 

In  practice,  the  branch  containing  the  strongest  signal  plus 
noise  is  connected  to  the  receiver.  However,  it  is  assumed  that 
the  average  noise  power  at  both  ports  of  a  monopole-slot  antenna 
is  equal;  thus  the  switching  in  this  case  is  assumed  to  be 
governed  by  the  signal  strengths  at  both  inputs  to  the  selection 
combiner. 


•■•■faWtjrV  - - 
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.  Since  the  correla- 


lopes  Is  within  the  range  from  0  to  0.5 
tion  coefficient  of  the  envelopes  of  the  two  outputs  of  a  well-* 
designed  oonopole-slot  antenna  does  indeed  fall  within  the  range 
from  0  to  0.5,  the  analysis  is  shown  only  for  a  dual-diversity 
system  in  Which  the  two  envelopes  are  aesuaed  to  be  uncorrelated. 


The  envelopes  of  both  signals  available  from  the  monopole- 
slot  antenna  are  Rayleigh  distributed.  The  probability  that 
either  envelope  is  less  than  or  equal  to  a  specified  level,  R,  is 


where 


R  2 

P(r  <_  R)  /  p(r)  dr  «  1  -  e”p 
““  o 


(15) 


p  - 


R 

/T  <3 


—  ,  and  denotes  the  rma  value 

rrms  of  either  rp  or  rG. 


When  the  two  signals  available  from  a  monopole-slot  antenna  are 
used  as  inputs  to  an  ideal  dual-diversity  selection  combiner,  the 
evelope  of  the  signal  at  the  output  of  the  combiner  is  expressed 
as 

r0  -  max  {rp,rG}.  (16) 

Since  rp  and  rG  can  be  assumed  to  be  statistically  independent, 
it  can  be  shown  that  the  probability  that  the  envelope  of  the 
signal  at  the  oucp^t  of  the  combiner  is  less  than  or  equal  to  the 
same  specified  value,  R,  is 

P(rQ  <  R)  -  [i-e'1,5p°2]2,  (i7) 
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*h«r«  p0  -  R/rottaa  and  ronM  -  /T7T  [28J. 

Inspection  of  Equation  (17)  leads  to  two  very  Important 
conclusions*  The  tbs  valus  of  ths  envelops  of  the  signal  at  the 
output  of  an  Ideal  dual-diversity  selection  combiner  is  grsater 
than  the  rms  value  of  ths  envelope  of  either  of  its  inputs  by  a 
factor  of  /TT.  Also,  the  probability  of  encountering  deep  fades 
in  the  envelope  of  the  signal  at  the  output  of  the  combiner  Is 
much  less  than  the  probability  of  encountering  fades  of  equal 
depth  on  either  of  its  Inputs*  For  example,  the  probability  of 
encountering  a  30  dB  fade  in  the  envelope  of  either  output  of  a 
monopole-slot  antenna  Is  about  10  3 ,  while  the  probability  of 
encountering  a  fade  of  equal  depth  in  the  envelope  of  the  output 
of  the  combiner  Is  about  2  x  10  ;  this  represents  an  Improvement 

over  the  former  case  by  about  300-fold!  The  virtue  elimination 
of  deep  fades  at  the  output  of  an  ideal  dual-diversity  selection 
combiner  represents  the  potential  for  a  substantial  reduction  In 
the  transmitted  power  required  for  the  satisfactory  operation  of 
land-mobile  communication  system. 

Thus  far,  it  has  been  assumed  that  the  selection  combiner  Is 
ideal;  that  is,  it  performs  a  noiseless  switching  function.  In 
reality,  of  course,  this  is  not  true.  In  addition  to  the  shot 
noise  and  thermal  noise  which  are  inherent  in  an  electronic 
switch,  the  switching  action  Itself  produces  phase  transients  in 
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the  combiner  output.  In  FM  systems,  switching  transients  are 
interpreted  as  large  instantaneous  frequency  shifts  and  are 
audible  at  the  detector  output  as  "pope".  Although  it  is 
impossible  to  eliminate  switching  transients  from  the  output  of  a 
selection  combiner ,  it  is  possible  to  reduce  their  effects  on 
system  performance.  By  switching  branches  only  when  deep  fades 
are  in  progress,  a  technique  known  as  "svitch-and-etay" ,  and  by 
using  leas  abrupt  switching  techniques  such  as  "sof t-switching" , 
the  contamination  of  the  receiver  input  can  be  minimised 
In  many  applications,  it.  is  also  desirable  to  apply  a  short 
blanking  pulse  to  the  detector  output  whenever  switching  occurs. 
This  eliminates  the  annoying  "clicks"  from  the  audio  channel  ^ . 

If  selection  combining  proves  to  be  unacceptable  as  a  means 
for  Improving  system  performance,  other  methods  of  diversity  com¬ 
bining  can  be  used.  One  such  method  is  equal-gain  diversity  cott- 
'71  fill 

binlng  ‘  J ,  1  1 .  This  method  offers  nearly  optimal  parformanca 

and  It  Is  not  impaired  by  switching  transients.  However,  equal 
gain  combining  is  a  form  of  poet-detection  diversity  combining 
and  it  thersfora  requires  much  more  complex  circuitry  then  selec¬ 
tion  combining.  Due  to  its  Inherent  complexity,  equal-gain  com¬ 
bining  results  in  a  system  which  is  also  more  coatly  then  one 
which  incorporate a  selection  combining. 
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Conclusion 


It  has  been  demonstrated  that  a  medium-profile  raonopole-slot 
antenna  can  he  made  to  ooerate  satisfactorily  over  the  hand  from 
B no— 900  MR*.  TWo  design  were  considered  and  tested;  one  in  which 
the  monopole  was  capecitlvely  top-loaded,  and  the  other  in  which 
a  conical  monople  was  used.  The  height  of  the  raonooole  in  both 
cases  was  one  inch.  Throughout  the  operating  hand  («2$-goo  MR*), 
hot**  antennas  maintained  relatively  stable  impedance 
characteristics;  the  maximum  vsvr  was  ?:l  on  a  B°-ohm  feed  line. 
The  efficiencies  of  both  antennas  were  in  excess  of  ROv  over  the 
operating  band,  and  ?/R  ratios  in  the  azimuthal  radiation  pat¬ 
terns  in  excess  of  12  dB  were  maintained. 

The  monopole-slot  antenna  responds  to  both  the  vertical 
electric  fields  and  either  the  x  or  y  component  of  the  Horizontal 
magnetic  fields  of  the  incident  waves  in  a  linear  fashion. 

Renee,  it  was  herein  demonstrated  that  the  monopole-slot  antenna 
could  be  designed  to  provide  two  outputs  with  independent  fading 
properties.  Rith  this  in  mind,  it  was  shown  that  if  the  two 
signals  appearing  as  oitputs  of  a  well-designed  monopole-slot 
antenna  are  processed  using  an  ..deal  dual-divers  i.ty  selection 
combiner,  the  potential  exists  for  a  vast  improvement  in  system 
performance.  f'eep  fades  in  the  output  of  such  a  combiner  can  he 
virtually  eli-inated ;  thus  the  potential  a) 90  exists  por  substan¬ 
tial  savings  in  the  transmitted  power  reouired  to  maintain  satis- 
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factory  ayatem  operation.  Tha  selection  combiner  does  have  one 
major  drawback  in  that  it  introduces  phase  transients  to  its 
output;  thus  the  switching  action  oust  carefully  controlled  end 
monitored  if  the  benefits  of  selection  combining  are  to  be 
realised. 
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MILLIMETER- WAVE  ANTENNA  DEVELOPMENT 
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\  ABSTRACT 

— ^  Antanna  technology  for  millimeter -wave  aystem  applicationa  ha  a  had 
a  long  hiatory  of  development  on  a  component  level,  and  as  ayatema  evolve 
from  planning  to  implementation,  a  aignificant  amount  of  development  effort 
remaina  to  reallae  practical  deaigna.  The  antenna  itaelf  offer  a  a  key  rationale 
for  millimeter-wave  ayatema,  which  atema  from  the  ability  to  achieve  high 
angular  reaolution  from  phyaically  amall  dimeaaiona.  A  review  of  technology 
demonatrationa  ia  provided,  and  identification  of  future  development  arena 
will  be  mad*.  ■<£  _  - 

I.  INTRODUCTION 

The  impetua  for  millimeter-wave  ayatema  baaically  atema  from  the 
wide  available  bandwidth*  which  have  been  allocated  (Ref.  1),  the  deaire  for 
increaaed  survivability,  spectral  crowding  at  lower  frequencies,  and  reduced 
sensitivity  to  propagation  limitations  compared  with  electro-optical  systems. 

In  the  radar  arena,  the  millimeter-wave  spectrum  allocations  offer  the  ability 
to  effectively  utilise  wide  bandwidth,  high  resolution  waveforms  and  frequency 
diversity  to  suppress  clutter,  reduce  detectability,  enhance  immunity  to 
countermeasure  systems,  and  improve  tracking  performance.  The  ability 
to  achieve  high  resolution  from  compact  antenna  designs  enhances  tracking 
performance,  and  combined  with  diffuse  clutter  characteristics,  is  particularly 
attractive  in  the  low  elevation  angle  regime.  The  most  effective  u*e  of  milli¬ 
meter  radar  designs  basically  capitalise  on  the  ability  to  achieve  resolution 
in  angle,  range,  and  target  discrimination.  Passive  sidelobe  control  techniques 
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which  become  more  practical  with  the  compact  dimensions  offer  enhanced 
immunity  to  intentional  and  mutual  interference  and  LPI  (Low  Probability 
of  Intercept)  performance  to  enhance  ayatem  survivability.  The  rationale 
developed  from  theae  conaiderationa  lead  to  the  attractiveoeaa  of  millimeter- 

wave  systems. 

A  wide  variety  of  antenna  development  haa  been  demonatrated  to  date 
which  forma  a  baaia  for  the  practical  implementation  of  millimeter-wave 
systems.  The  generic  deaign  problem*  of  millimeter-wave  antenna*  com¬ 
pared  with  microwave  deaigna  include  a  greater  mechanical  and  electrical 
preciaion  in  their  manufacture,  increaaed  sensitivity  to  ohmic  loaaea,  and  a 
limited  availability  jf  commercial  component*.  The  wide  bandwidth  spec- 
tral  allocation*  .represent  a  email  percentage  bandwidth  at  millimeter  wave¬ 
length*,  which  generally  eatablishea  the  difficulty  of  component  development. 
Future  development  . effort*  for  radar  antenna  application*  include  increaaed 
emphaaia  on  tracking  systems,  the  integration  of  electronics  into  the  antenna 
structure,  deaigna  which  offer  variable  beamwidth  performance,  and  ancil¬ 
lary  components  such  as  radomes. 

U.  TECHNOLOGY  STATUS 

The  purpose  of  this  section  is  to  survey  the  development  of  reflector, 
lens,  array,  and  horn  technologies.  The  compact  physical  sise  of  ncillimeter- 
wave  antennas  for  specified  gain  levels  is  illustrated  in  Fig.  1  for  a  typical 
55%  efficiency.  The  small  physical  sise  provides  tractability  to  meet  system 
objectives  which  would  be  difficult  to  achieve  at  lower  frequencies. 

A,  Reflector  Designs 

One  well-developed  millimeter- wave  antenna  technology  is  reflector 
designs,  and  a  wide  variety  of  techniques  have  been  demonstrated  in  both  the 
electrical  design  and  in  manufacturing  techniques.  The  current  state  of  the 
art  for  fabrication  of  reflector  surfaces  has  developed  to  the  point  that  80  dB 
gain  level*  may  be  realised,  and  more  modest  gain  levels  can  be  achieved 


with  off-the-shelf  reflector*.  The  mechanic*!  tolerance  requirement*  for 
reflector  design*  are  well  understood  (Ref.  2).  and  reflector  antenna*  with 
value*  of  D/c  of  2  x  10*  are  available  commercially  in  diameter*  up  to  4  ft. 
Because  of  the  high  sensitivity  to  ohmic  loss  (  1  dB/ft  at  90  GH*  for  straight 
waveguide),  Cassegrain  feed  systems  are  particularly  attractive  to  minimise 
the  length  of  waveguide  runs. 

An  example  of  passive  sidelobe  control  techniques  for  reflectors  is 
shown  in  Fig.  2.  In  this  design  (Ref.  3).  an  absorber-lined  tunnel  is  used 
to  surround  the  aperture,  and  functions  to  reduce  the  sidelobe  contributions 
which  result  from  edge  diffraction,  spillover,  feed  radiation  and  blockage. 

This  development  is  an  example  of  a  technique  which  is  practical  at  millimeter 
wavelengths  because  of  the  small  physical  sise.  The  addition  of  a  tunnel  of 
this  proportion  to  a  large  reflector  would  be  limited  by  practical  consideration. 

B.  Lens  Designs 

Lens  designs  are  also  more  attractive  at  millimeter  wavelengths. 
Dielectric  designs,  which  are  unattractive  at  lower  frequencies  because  of 
excessive  dielectric  weight,  become  more  feasible  at  higher  frequencies, 
particularly  because  the  outer  lens  surface  can  be  utilised  as  a  radome.  An 
example  of  this  design  may  be  found  in  Ref.  4,  which  also  illustrates  the  capa¬ 
bility  to  realise  extremely  wide  bandwidth  operation  inherent  in  this  design 
concept. 

Inhomogeneous  Ijoj  designs  have  also  been  demonstrated  at  millimeter 
wavelengths.  A  geodesic  Luneherg  lens  which  fed  a  reflector  was  used’in  the 
AN/MPS-29  radar  (Ref.  5)  in  the  late  1950s. 

C.  Array  Designs 

The  development  of  millimeter  ax  ray  antenna  designs  has  lagged  other 
technologies.  This  situation  results  in  part  from  &  limited  phase  shifter 
technology  basis  and  because  compact  antennas  lead  to  more  feasible  mech¬ 
anical  pointing  techniques  without  the  necessity  for  electronic  beam  steering 
required  at  lower  frequencies.  Waveguide  slot  arrays  have  been  demonstrated 
(Ref.  6).  Current  research  efforts  are  being  devoted  to  the  integration  of  elec¬ 
tronics  into  the  antenna  structure,  a  situation  which  results  in  part  from  the  ' 
limited  power  >.  utput  of  solid  state  power  amplifiers. 


O.  Horn  Designs 

Millimeter  wave  horn  entea na  technology  is  also  well  developed.  Standard 
gain  horns  are  commercially  available  over  the  complete  millimeter- wave  spec* 
trum.  Gain  levels  up  to  30  dL  are  available  with  lens  correction  techniques  to 
result  in  compact  designs.  High  performance  horn  designs,  including  diagonal, 
dual-mode,  and  corrugated  configurations,  have  also  been  demonstrated.  Elec- 
troforming  techniques  are  particularly  attractive  to  achieve  precise  manufac¬ 
turing. 

III.  DEVELOPMENT  ISSUES 

One  area  which  will  require  increased  development  for  radar  applications 
is  tracking  systems.  Monopulse  horn  techniques  have  been  demonstrated  at  mil¬ 
limeter  wave  frequencies,  but  further  development  in  this  area  is  warranted. 

The  development  of  techniques  for  changing  the  beamwidth  of  an  antenna 
is  attractive  for  some  applications.  While  very  small  beamwidths  are  highly 
desirable  for  target  resolution  performance,  smaller  beamwidths  are  needed 
to  enhance  system  acquisition. 

The  development  of  ancillary  components  is  also  needed  for  practical 
system  designs.  Radome  technology  is  a  particularly  challenging  effort  be¬ 
cause  configurations  with  high  mechanical  strengths  are  necessarily  several 
wavelengths  thick.  The  development  of  rotary  joints  is  another  area  which 
would  benefit  from  further  efforts.  RF  components,  such  as  duplexers, 
represent  yet  another  area  required  for  radar  designs. 

IV.  MEASUREMENT  CONSIDERATIONS 

While  millimeter  antenna  systems  are  physical!*;  compact,  the  f/r  field 
range  needed  for  their  evaluation  is  quite  large,  as  illustrated  in  Fig.  3.  This 
situation  coupled  with  the  limited  sensitivity  of  conventional  instrumentation, 
results  in  a  challenging  measurement  problem  to  characterize  the  antennc.  over 
the  high  dynamic  range  inherent  in  millimeter-wave  antenna  designs.  TUe 
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V 


sensitivity  of  conventional  instrumentation  is  Limited  because  harmonic  mix* 
ing  techniques  are  used  to  extend  the  frequency  range  of  conventional  receivers. 
A  phase-locked  system  has  been  developed  to  utilise  a  fundamental  mixer  to 
recover  the  sensitivity  lost  in  the  harmonic  mixing  process  (Ref.  ?);  a  30  dB 
sensitivity  increase  was  demonstrated  at  Ka-band  frequencies. 

V.  SUMMARY 

A  brief  summary  of  millimeter-wave  ahtenna  technology  has  been  pre¬ 
sented.  On  a  component  level,  reflector  and  horn  techniques  have  had  the 
most  extensive  demonstrations,  followed  by  lens  designs;  array  antenna  tech¬ 
nology  lags  other  areas.  The  demonstrations  to  date  form  a  good  basis  to 
project  future  system  performance  and  development  effort  is  required  to  meet 
the  objectives  for  practical  applications.  Further  development  of  ancillary 
components  is  warranted.  Measurement  techniques  for  millimeter -wave  an¬ 
tennas  will  provide  challenges  for  future  development. 
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ABSTRACT 

A  sumvry  of  t  study  Is  given  to  devise,  develop,  end  demonstrate 
94  GHz  flat  plate  antenna/array  00  'Iguratlons  that  are  mechanically 
steerable  over  45°  in  both  axes  through  use  of  low  cost  glmbal 
mechanisms.  Emphasis  Is  placed  on  low  cost,  weight,  and  volume, 
while  providing  antenna  configurations  that  possess  a  high  degree 
of  reproducibility  In  manufacture.  Antennas  under  consideration 
Incorporate  Integral  dual  axes  mor.opulse  networks  and  are  In  the  5 
to  6  Inch  diameter  size  range. 


94  GHz  ANTENNA  TECHNIQUES 


1 .0  Inti oductlon 

Researchers  have  been  Investigating  millimeter  wave  antennas  for  a 
number  of  years  with  the  hopes  of  mass  producing  low  cost,  high 
performance  antennas.  Such  antennas  are  possible  In  the  frequency 
range  of  40  GKz  and  below.  Above  40  GHz  examples  of  low  cost  mass 
produced  antennas  do  not  exist.  Attempts  to  scale  low  frequency 
antenna  designs  to  the  atmospheric  window  at  94  GHz  have  not  been 
entirely  successful  for  a  number  of  reasons.  The  primary  reasons 
for  the  difficulties  at  94  GHz  are  the  lack  of  suitable  materials 
and  close  tolerances  wh.ch  'equlre  large  capital  equipment  invest¬ 
ments  not  readily  available  lo  researchers  because  the  payoff  has 
not  been  proven.  Also,  low  level  funding  has  not  been  conducive 
to  an  encompassing  investigation  utilizing  multiple  disciplines. 
The  purpose  of  this  paper  Is  tc  summarize  the  results  of  an  inves¬ 
tigation  of  94  GHz  antenna  techniques1.  During  the  investigation, 
emphasis  was  placed  on  Identifying  concepts  that  would  lend  them¬ 
selves  to  quality,  low  cost,  production. 

The  objective  of  this  investigation  is  to  devise,  uevelop,  and  de¬ 
monstrate  94  GHz  four  lobe  monopulse  antennas  that  are  mechanically 
steerable  over  ±  45°  In  both  axes  through  us<  of  low  cost  gimbal 
mechanisms.  Emphasis  is  placed  on  cost,  weight,  and  volume.  This 
effort  includes  a  study  of  currently  employed  or  technically  feasible 
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low  cost  94  GHz  Antenna  techniques 


The  antenna  performance  goals  given  In  Table  1  represent  the  tech¬ 
nical  definition  of  the  problem.  These  goals  define  a  challenging 
problem  If  all  are  to  be  achieved  and  If  the  unspecified  monopulse 
parameters  are  to  be  optimized.  Accordingly,  a  fresh  approach  In 
examining  the  problem  has  been  taken.  Not  only  have  lower  fre¬ 
quency  methods  heen  examined  for  extension,  but  also  new  approaches 
have  been  defined  and  examined. 


Table  1:  Antenna  Performance  Goals 


Antenna  Size 
Antenna  Gain 
SI  delobes 

Bandwl dth 
Polarization 
Cross  Polarized 
Response 
Antenna  Volume 
Scan  Limits 


5-6“  Diameter 

40  dB1  (w/unlform  Ilium) 

-18  dB  Difference  pattern 

-20  dB  Sum  Pattern 

25 

linear-horizontal 
-25  dB  Max 

30  Cubic  Inches 
+  45  Degrees 


2.0  94  Ghz  Antenna  Issues 


Two  of  the  overriding  Issues  are  (1)  the  distribution  of  the  energy 
from  the  source  to  the  radiating  aperture  In  a  spatially  coherent 
fashion,  and  (2)  the  high  tolerances  required.  The  first  Issue 
divides  antennas  Into  two  categories,  arrays  and  space  fed  aper¬ 
tures  such  as  reflectors.  The  second  Issue  Is  a  factor  In  every 
conceivable  antenna  configuration  because  fabrication  problems  ell- 
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minate  the  possibility  of  scaling  many  lower  frequency  antenna 
designs*  desired  tolerances  are  typically  in  the  fractional  mil 
range*  Thus*  fabrication  approaches  must  be  formulated  before  an 
antenna  design  may  be  considered  viable,  in  light  of  these  issues* 
the  following  approach  to  the  techniques  study  has  been  taken:  (1) 
examine  transmission  lines  for  antennas,  (2)  Identify  promising 
lines  with  respect  to  cost,  producibility  loss,  etc.,  (3)  conceive 
antenna  approaches,  (4)  develop  fabrication  approaches  for  the 
antenna  concepts,  and  (5)  evaluate  Identified  concepts. 

Evaluated  approaches  Include,  the  multimode  microstrip  feed  twist 
reflector,  the  twelve  element  feed  twist  reflector,  the  waveguide 
feed  twist  reflector,  the  photolithographic  array  (see  appendix  A 
fora  description),  the  waveguide  array,  and  the  groove  guide 
array*.  During  the  course  of  this  work  the  following  novel 
concepts  for  antenna  application  were  developed;  (1)  multimode 
microstrip  four  lobe  monopulse  feed,  (2)  independent  microstrip 
radiator  and  feed  line  for  broader  bandwidths,  (3)  parasitlcally 
excited  microstrip  elements,  (4)  slotline  ground  Diane  feed-throughs 
for  multilayer  application,  and  (5)  microstrip  hr-  waveguide  transi¬ 
tions  using  coax  at  millimeter  frequencies. 

3.0  Trade-Off  Study 

A  number  of  technology  trends  or  conclusions  in  the  areas  of  trans¬ 
mission  lines,  arrays,  and  twist  relectors  resulted  from  the  trade¬ 
off  study. 


304 


The  best  dielectrics  to  be  used  In  94  GHz  transmission  lints  art 
air,  fused  silica,  alumina,  durold,  and  teflon.  Air  has  the  lowest 
loss  but  Is  more  difficult  to  use  In  some  transmission  line  config¬ 
urations  such  as  strlpllne.  Fused  silica  and  alumina  allow  high 
tolerance  surface  finishes  so  that  accurate  metal Izatlon  and  cir¬ 
cuit  etching  can  be  achieved  but  they  are  more  difficult  to  ma¬ 
chine  and  cut.  In  some  applications,  the  dielectric  constants  of 
fused  silica  and  alumina  are  higher  than  desired.  Durold  and 
teflon  have  relatively  low  loss  but  their  mechanical  and  thermal 
characteristics  are  undesirable  for  94  GHz  circuits. 

Closed  metallic  waveguides,  Inverted  microstrip  and  groove  guide2*3 
are  the  most  attractive  transmission  lines  for  millimeter  wave 
antennas4.  Theoretical  attenuations  for  UR-10  waveguide,  groove 
guide  (fused  silica),  and  Inverted  microstrip  (fused  silica)  are 
respectively  0.0fi6  dB/inch,  0.169  dB/inch,  and  0.28  dB/Inch.  Fab¬ 
rication  technique  development  1*  needed  for  waveguide  and  groove 
guide  transmission  lines  with  maintenance  of  tolerances  as  a  major 
problem.  Additional  Inverted  microstrip  parametric  characteris¬ 
tics  are  needed  for  antenna  design  Including  the  characteristic 
Impedance,  propagation  constant,  attenuation  constant,  and  field 
distribution  as  a  function  of  geometry  and  frequency. 

The  technology  for  six  Inch  diameter  94  GHz  antenna  arrays  Is 
Immature*  Tolerance  problems  and  the  lack  of  fabrication  techniques 
limit  the  development  of  waveguide  and  groove  guide  arrays.  How- 
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ever,  the  waveguide  and  groove  guide  arrays  are  capable  of  low 
losses  and  photolithographic  arrays  have  a  low  cost  potential. 
Development  of  Inverted  microstrip  circuitry,  radiating  elements, 
slotline  layer  coupling,  and  waveguide  transitions  are  necessary. 
Losses  for  large  arrays  are  not  negligible.  Development  of  photo¬ 
lithographic  arrays,  at  this  point  in  the  state  of  millimeter  wave 
technology,  may  be  better  suited  at  35  GHz  where  losses  and  tolerance 
requirements  are  less,  and  practical  rotary  joints  are  available. 

The  best  low  cost  antenna  approach  meeting  the  performar.ee  goals 
is  the  polarization  twist  reflector  antenna,  which  does  not  require 
a  rotary  joint.  The  best  high  power  millimeter  wave  antenna  is  a 
polarization  twist  reflector  antenna  with  a  waveguide  comparator 
and  feed  shown  in  Figures  1  and  2  respectively.  The  comparator 
can  be  custom  fabricated  using  presently  available  components. 
Costs  for  these  components  are  moderate  but  will  decrease  when 
production  levels  warrant  a  reduction.  The  twist  reflector  with  a 
twelve  element  microstrip  feed  shown  in  Figure  3  is  a  viable  low 
cost  antenna  approach.  Concept  alternatives  using  inverted  micro- 
strip  can  'educe  losses.  After  development  of  the  feed  has  been 
achieved,  the  recurring  costs  appear  to  be  low  yielding  a  very 
attractive  antenna  approach.  Ihe  twist  reflector  with  a  multimode 
microstrip  monopulse  feed  is  another  potential  low  cost  antenna 
approach.  The  feed  produces  optimal  patterns,  uses  photolitho¬ 
graph  fabrication  techniques,  and  does  not  require  a  comparator 


network.  Phase  matching  of  cables,  however,  is  required  for  this 
feed  approach. 

Since  the  multimode  mlcrostrlp  monopulse  feed  Is  a  new  concept,  a 
description  Is  given  as  follows.  Figure  4  shows  an  exploded  view 
of  the  feed  In  the  simplest  configuration.  The  aperture  consists 
of  four  microstrip  patch  radiators  on  two  sides  of  a  dielectric 
layer.  The  upper  rectangular  patch,  excited  in  the  lowest  mode 
with  the  lower  large  patch  as  a  groundplane,  produces  the  sum 
pattern.  The  lower  three  patches  are  separated  from  a  ground 
plane  by  an  air  space  or  another  dielectric  layer.  Himensions  of 
the  larger  patch  are  such  that  the  resonant  frequency  of  the  second 
mode  is  the  design  frequency.  This  odd  node  naturally  produces 
the  elevation  difference  pattern.  The  difference  azimuth  pattern 
is  produced  by  exciting  the  remaining  two  patches  out  of  phase.  A 
choke  around  the  sum  feed  probe,  shown  in  the  figure,  minimizes 
the  effects  of  the  probe  on  the  elevation  difference  patch.  Figure 
5  shows  the  top  view  of  a  slightly  different  arrangement  where 
azimuth  patches  are  fed  by  phase  matched  microstrip  lines.  In 
both  of  the  previous  figures  standard  waveguide  to  coax  transition 
techniques  were  used.  The  feed  configurations  of  the  sum  and 
elevation  difference  patches  are  asymmetrical  causing  asymmetrical 
amplitude  and  phase  pattern  tendencies  over  the  band.  Figure  6 
shows  a  symmetrically  excited  configuration  that  guarantees  -<v»;/me- 
trlcal  sum  and  elevation  difference  patterns  as  given  in  Figures  7 
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Figure  3.  Twelve  Element  Microstrip  Feed 


Figure  4.  Multlmoded  Microstrip  Monopulse  Feed 
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Symmetrical  Sum  and  Difference 
Elevation  Element  Configuration 


and  8  respectively.  The  large  difference  patch  is  excited  at  the 
center  while  the  sum  patch  has  been  bifurcated  Into  two  half  patches 
excited  out  of  phase. 

An  overall  comparison  summary  of  the  evaluated  antenna  approaches 
Is  given  In  Table  2.  The  comparison  shows  that  theoretically  the 
twist  reflector  patterns  exhibit  a  small  degradation  with  scan 
whereas  the  arrays  have  a  slow  delta  pattern  rolloff.  The  mono¬ 
pulse  slope  of  the  waveg ^ 1  ie  feed  twist  reflector  depends  upon  the 
degree  of  feed  optimality  selected,  l.e.,  multimode  In  two,  one, 
or  no  planes5.  Losses  are  generally  higher  and  bandwldths  generally 
lower  for  the  arrays  than  the  twist  reflector.  The  arrays  can  meet 
the  2%  bandwidth  requirement  while  the  twist  reflector  approaches 
can  attain  at  least  twice  that  value.  The  metallic  lines  on  the 
twist  reflector  act  as  a  natural  polarization  filter.  The  degree 
of  cross  polarization  Increase  with  Increasing  scan  cngle  depends 
upon  the  reflector  F/0  and  the  curvature  of  the  metallic  lines. 
Overall  a  waveguide  array  with  broadwall  slots  would  yield  the 
lowest  cross-polarization  level. 

For  this  comparison,  the  arrays,  with  the  exception  of  the  Inverted 
microstrip  photolithographic  array,  are  five  Inches  In  diameter.  The 
Inverted  microstrip  array  Is  six  Inches  In  diameter  because  of  its 
Increased  loss.  The  relectors  also  are  six  Inches  In  diameter  to 
accomodate  the  loss  In  gain  caused  by  amplitude  taper  and  spill-over. 
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Table  2.  Comparison  of  Aitenna  Approaches 


Finally,  projections  have  been  Made  on  the  complexity  of  fabrica¬ 
tion  and  cost.  The  characteristics  are  evaluated  using  a  sca'e 
from  1  to  10.  Ten  represents  maximum  cost  and  complexity.  This 
Isa  subjective  evaluation  as  perceived  In  today’s  technology. 
The  cost  Is  based  upon  a  projection  of  recurring  production  costs 
and  does  not  necessarily  give  a  reasonable  indication  of  the  nonre¬ 
curring  development  costs.  The  array  concepts  rate  the  highest 
risk,  primarily  because  the  technology  Is  Immature  or  that  there 
has  been  Insufficient  work  In  high  tolerance  antenna  fabrication 
techniques.  The  waveguide  array  and  the  groove  guide  array  are 
considered  the  most  complex  and  costly.  The  Inverted  microstrip 
array  and  the  waveguide  feed  polarization  twist  reflector  rank 
lower  In  cost  and  complexity.  And  the  twelve  element  feed  twist 
reflector  and  the  multimode  feed  twist  reflector  are  the  simplest 
and  least  costly. 

4.0  Twist  Reflector  Results 

The  polarization  twist  reflector  has  several  advantages  that  make 
It  particularly  attractive  for  94  GHz  application6.  A  high  quality 
scanning  antenna  with  relatively  small  swept  /olume  Is  possible 
without  the  use  of  rotary  joints  or  a  complex  feed  manifold.  Low 
si  delobe  clfference  patterns  with  low  cross-polarization  over  a 
wide  frequency  band  Is  characteristic  of  the  antenna.  The  cost  Is 
reduced  since  photolithographic  fabrication  techniques  and  common 
materials  can  be  used. 
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A  spherical  bearing  glmbal  and  several  two  axis  four-bar  linkage 
gimbals  for  the  twist  reflector  are  possible.!  Both  hyd.eullc  act¬ 
uators  or  direct  drive  torque  motors  arc  useful  twist  reflector 
glmbal  actuators.  The  direct  drive  torque  motor,  when  used  with 
the  two  axis  four-bar  linkage  glmbal.  Is  very  attractive  because 
of  Its  form  ’actor,  simplicity,  accuracy,  and  low  cost.  Encoders 
or  »esolv«rs/ synchros  should  be  used  for  the  position  plckoffs 
since  potentiometers  do  not  have  the  necessary  accuracy  for  the 
small  antenna  heamwidths. 

A  five  Inch  diameter  polarization  twist  reflector  was  designed, 
fabricated,  and  tested.  This  work  confirmed  the  trade  off  study 
selection  of  tne  tw*st  reflector.  The  scanning  performance.  Includ¬ 
ing  the  gain,  beamwidths,  null  depths,  and  the  cross  polarization. 
Is  very  good.  The  comparator,  custom  fabricated  using  presently 
available  waveuuide  components,  has  excellent  Isolation. 

Experience  ha*  shown  that  the  critical  component*,  and  In  particular 
the  feed,  must  be  designed  for  the  selected  fabrication  technique 
in  order  to  readily  maintain  the  required  tolerances.  Using  the 
design  to  tolerance  approach,  an  H-plane  multimode  waveguide  feed 
was  made  that  significantly  Improves  the  gain  and  matchs  the  princi¬ 
pal  plane  beamwidths. 

The  geometry  and  dimensional  parameters  of  a  single  H-plane  wave¬ 
guide  modes  Is  shown  in  Figure  9,  The  aperture  guide  width,  aj. 
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TrtMaUff'M  HmfUtutu* 


Is  selected  to  propagate  three  trades  and  to  produce  the  correct 
difference  feed  pattern  edge  taper.  In  addition,  the  parameters 
aj,  h,  and  a2  arc  chosen  to  minimize  the  reflections  back  Into  the 
feed  waveguides  while  yielding  the  desired  transtal salon  anplltu*** 
ratio  tj/tj.  The  appropriately  selected  modal  ratio  tj/t)  In 
Figure  10  and  the  correct  modal  phasing  determined  by  length  1 
yields  an  optimum  sum  aperture  distribution.  The  principal  plane 
mooopulse  patterns  of  the  twist  reflector  are  shown  In  Figure  11. 
These  patterns,  scanned  to  the  boreslght,  display  excellent  beam- 
width,  sldelobe,  null  depth  and  symmetry  characteristics. 

In  addition  to  the  waveguide  feed,  the  twelve  element  microstrip 
feed  and  the  multimode  microstrip  feed  are  attractive  approaches  and 
warrant  further  study.  The  polarliatlon  twist  reflector,  with  one 
of  the  three  feeds,  will  satisfy  all  of  the  antenna  goals. 

5.0  Recommendations  For  Further  Work 

This  work  has  Identified  a  number  of  promising  94  GHz  antenna 
concepts.  However,  considerable  work  remains  to  define  the  key 
components  of  the  concepts  and  to  develop  and  verify  the  fabrication 
techniques.  In  particular,  It  Is  recommended  that  further  Investi¬ 
gations  be  made  In  photolithographic  array  techniques.  The  Invest¬ 
igation  should  apply  E-beam  and  photolithographic  technologies,  used 
In  the  fabrication  of  surface  acoustic  wave  (SAW)  devices  where  mi¬ 
cron  tolerances  are  commonplace,  to  the  problem  of  fabricating  low 
cost,  high  tolerance,  antenna  arrays.  Equipment  Is  currently  avail- 
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E -PLANE  DIFFERENCE  PATTERN 
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H -PLANE  SUM  PATTERN 
(94  GHZ) 


H-PLANE  DIFFERENCE  PATTERN 
(94  GHZ) 


Figure  11.  Principal  Plane  Twist  Reflector  Patterns 


obi#  to  make  high  tolerance  Niks  for  otchlng  circuits  using  E-bea* 
t  ithography  and  Ion  Drilling*  Six  Inch  diameter  Msks  con  ho  made 
with  this  equlpaient.  Thus  tho  capability  exists  tc  make  very  high 
tolerance  illllMtir  wave  networks  of  •  diameter  required  for  the 
•ntenno  aperture.  The  recommended  approach  to  develop  a  nan 1  fold 
fabrication  technique  us:$» 

1.  Photolithography  as  with  SAW  devices 

2.  layered  construction 

3.  Substrates  with  high  uniformity  and  smooth  surfaces 

4.  Thin  metal Izatons 

5*  minima*  number  of  feedthroughs 
6.  Capacltlvely  coupled  microstrip  radiators. 

This  approach  would  he  used  to  Investigate  the  critical  components* 
1*  Inverted  microstrip  transmission  line  and  component 
characterizations 

2.  Layered  coupling 

3.  Radiators 

4.  Transmission  line  to  radiator  coupling 

5.  Resonant  subarrays. 

Results  of  these  Investigations  would  benefit  the  development  of  the 
12  element  feed  and  the  multimode  microstrip  feed  for  the  polariza¬ 
tion  twist  reflector. 

It  Is  recommended  that  a  program  be  formulated  to  explore  the  appli¬ 
cation  of  this  high  tolerance  technology  to  millimeter  wave  antennas 
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and  networks.  Such  a  program  would  make  a  significant  contribution 
toward  developing  high  performance,  low  cost  millimeter  wave  anten¬ 
nas. 
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APPENDIX  A:  Photolithographic  Arrays 

Photolithographic  fabrication  techniques  have  characteristics  that 
are  desirable  for  construction  of  94  GHz  antennas.  Photolithography 
<s  potentially  a  low  cost*  high  tolerance*  and  reproducible  method. 
However,  the  use  of  photolithography  Is  not  sufficient  to  guarantee 
the  success  of  a  low  cost  94  GHz  antenna.  Conventional  microstrip 
and  strlpllne  array  techniques  without  some  modifications  are  not 
likely  to  succeed  when  applied  to  such  large  antennas.  Thus  a 
modified  antenna  approach,  which  will  be  called  a  photolithographic 
array.  Is  defined  as  an  antenna  characterized  by  properties  given 
In  Table  A-l.  In  addition  to  the  use  of  photolithographic  fabrica¬ 
tion  techniques,  the  array  consists  of  a  layered  construction  with 
a  minimal  number  of  Interconnections. 

* 

Table  A-l.  Generic  Photolithographic  Array  Features 

Photolithographic  Fab  Techniques 

Layered  Construction 

Homogeneous  Substrates 

Interconnections  Minimal 

High  Tolerances 

Reproducible 

Low  Cost 

Figure  A-l  shows  an  assembly  drawing  Illustrating  the  array  concept. 
The  figure  shows  a  back  structure  with  three  waveguide  ports.  The 
waveguides  transition  to  transmission  lines  In  the  layered  media 
via  a  small  section  of  coax.  The  first  layer  contains  the  monopulse 
comparator  and  part  of  the  power  dividing  manifold.  Additional 
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layers  of  power  dividing  manifolds  may  be  included  as  required. 
Finally,  there  Is  a  radiating  aperture  layer  with  perhaps  some 
power  division.  Figures  A-2  through  A-6  give  additional  details 
of  the  concept.  The  array  strongback  mechanically  holds  the  array 
in  proper  alignment  and  provides  attachment  points  to  the  glmbal. 
The  layered  dielectric  transmission  media  in  this  particular  array 
are  0.010  Inches  thick  fused  silica,  0.010  inches  thick  air,  and 
0.015  inches  thick  fused  silica.  Air  and  fused  silica  are  two  low 
loss  dielectric  media  whose  uniformity  and  conslstancy  can  be  very 
accurately  maintained.  In  addition,  fused  silica  allows  a  highly 
polished  and  smooth  surface.  Then  a  thin  metal Izatlon  me*y  be 
applied  so  that  highly  accurate  components  may  be  photolithography 
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cal ly  etched.  Smooth  substrate  finishes  and  thin  metallzatlons 
are  necessary  to  achieve  accurate  line  definition  without  undercut¬ 
ting  by  the  etch  process.  These  two  requirements  disallow  many 
copper  clad  materials  normally  used  In  the  microwave  region. 

The  layered  antenna  structure  may  take  a  variety  of  configurations 
depending  upon  the  type  of  transmission  lines  used.  Figures  A-2 
and  A-3  show  the  array  cross  section  for  two  possibilities,  each 
with  three  layers.  In  Figure  A-2,  layer  three  Is  the  comparator 
and  array  manifold  using  Inverted  microstrip  transmission  lines. 
Details  of  the  circuitry  layout  are  shown  In  Figure  A-4.  Layer 

( 
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two  Is  the  feedthru  coupling  layer  consisting  of  siotllnes  shown 
In  Figure  A-5.  Electromagnetic  energy  from  the  feed  manifold 
couples  to  the  slotllnes7  and  in  turn  couples  to  transmission 
lines  In  the  radiating  layer  1  shown  In  Figure  A-6,  Radiating 
elements  In  the  resonant  subarrays  are  microstrip  patches  that  are 
fed  by  offsetting  them  from  the  centerline  of  the  transmission 
line.  The  amount  of  offset  controls  the  element  amplitude  analo¬ 
gous  to  broadwall  slotted  waveguide  arrays.  In  Figure  A-2  the 
manifold/comparator  layer  and  the  radiating  layer  are  respectively 
Inverted  microstrip  and  microstrip.  An  alternate  scheme  shown  In 
Figure  A-3  uses  an  Inverted  mlcrostrlp  radiating  layer  and  a  micro¬ 
strip  man4 fold/comparator  layer, 

A  simple  approach  to  the  array  excitation  Is  to  subdivide  each 
quadrant  into  eight  rectangular  subarrays  of  uniform  amplitude. 
With  appropriately  chosen  voltages  for  each  subarray  adequate 
pattern?  may  be  obtained. 

A  more  complicated  manifold  and  comparator  for  Independent  sum  and 
difference  patterns  for  an  array  of  this  size  Is  possible  but  not 
propitious  at  this  juncture  In  the  state  of  the  art.  Pattern  im¬ 
provement  at  the  expense  of  increased  sophistication  may  be  achieved 
by  smoothly  varying  the  element  excitation  within  a  subarray. 
Such  procedure  requires  a  unique  mlcrostrlp  element  offset  from 
the  transmission  line  centerline  for  each  radiating  element. 
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The  photolithographic  array  concept  has  generally  boon  described* 
however,  there  are  a  number  of  possibilities  for  specific  Implemen¬ 
tation.  At  this  point  the  photolithographic  array  1»  *  concept 
only  and  considerable  development  Is  required  to  prove  the  e  xcept. 
In  the  following  paragraphs  further  discussion  of  details  It  given 
to  exemplify  the  concept  and  to  define  the  critical  components. 


Table  A-2  lists  the  array  critical  components  with  suggested  pos¬ 
sibilities  for  each.  The  photolithographic  structure  is  a  layered 
structure  with  a  minimum  number  of  Interlayer  connections.  Micro- 
strip.  Inverted  microstrip,  and  slotllne  are  three  transmission 
lines  amenable  to  photolithography. 


Table  A-2.  Array  Critical  Components 

1.  Transmission  Lines 

-  Microstrip 

-  Inverted  Microstrip 

-  Slotllne 

2.  Layer  Coupling 

-  Slotllne  to  Microstrip 

-  Slotllne  to  Inverted  Hlcrostrlp 

3.  Radiators 

-  Microstrip 

-  Inverted  Microstrip 

-  Suspended  Microstrip 

4.  Transmission  Line  to  Radiator  Coupling 

-  Inverted  Microstrip 

-  Inverted  Ml croatrl p/Suspended  Microstrip 

5.  Components 

-  Power  Divider 

-  Hybrid 

6.  Resonant  Subarrays 


For  the  layered  array  concept  to  be  a  successful,  a  minimal  number 
of  Interconnections  between  layers  must  be  used.  Electromagnetic 


coupling  between  layers  Is  more  amenable  to  fabricating  •  large 
array.  One  technique  of  layer  coupling  to  form  a  food  thru  between 
a  microstrip  layor  and  an  Invortod  microstrip  layor  Is  Illustrated 
In  Figure  A- 7.  in  the  figure,  energy  propagating  along  the  micro¬ 
strip  line  transfers  to  the  slotllne  and  then  along  the  slotllne. 
From  the  slotllne  energy  Is  transitioned  to  the  Inverted  microstrip. 
Mlcrostnp  to  slotllne  transitions  have  been  reported?  with  at 
least  30%  bandwldths  which  Is  more  than  adequate  bandwidth. 

Inverted  microstrip  to  slotllne  transitions  have  not  been  reported 
and  would  need  development.  An  attractive  feature  of  the  layered 
structure  as  represented  In  Figure  A-7  Is  the  ability  to  overlay 
circuitry  In  the  microstrip  and  Inverted  microstrip  which  shares  a 
common  ground  plane.  The  ground  plane  Isolates  the  two  circuit 
layers  and  allows  layer  coupling  at  the  slotllne  holes  In  the 
ground  plane.  A  similar  layer  coupling  between  Inverted  microstrip 
and  Inverted  microstrip  is  shown  in  Figure  A-8.  The  dual  slotllne 
consists  of  the  dielectric  substrates.  The  dielectric  allows 
energy  to  be  more  tightly  confined  to  the  neighborhood  of  the 
slotllne  than  would  be  the  case  with  a  solid  conducting  ground 
plane. 

The  radiating  elements  may  take  several  configurations  depending 
upon  the  transmission  lines  used  to  feed  the  radiators.  Figure  A-9 
shows  a  variety  of  microstrip  type  radiators.  Figures  A-9  a.  and 
c.  show  conventional  microstrip  patch  radiators  fed  by  a  coaxial 
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Figure  A-7.  Layer  Coupling  (Microstrip/Inverted  Microstrip) 
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Layer  Coupling  (Inverted  Microstrip/Inverted  Microstrip) 
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Figure  A-9.  Microstrip  Radiators 

probe  and  a  microstrip  line  respectively.  Figures  A-9  b.  and  d. 
give  the  corresponding  radiators  with  an  inverted  microstrip  me¬ 
dium.  The  radiator  using  a  coaxial  feed  probe  is  probably  not  prac¬ 
tical  for  a  large  array  but  may  be  useful  for  only  a  few  elements. 
Figure  A-9  e.  shows  a  new  radiator  configuration.  The  transmission 
line  In  Inverted  microstrip  Is  Independent  of  the  suspended  micro¬ 
strip  radiating  element.  The  Inverted  microstrip  transmission 
line  feeds  the  radiator  by  capacitive  coupling.  Thus  the  transmis- 


slon  lino  con  bo  designed  with  an  air  substrata  holght  sufflclontly 
snail  so  that  radiation  loss  Is  roasonablo  yot  tho  distance 
between  tho  microstrip  radiator  Is  sufficiently  far  from  tho  ground- 
piano  so  that  larger  ban<- widths  may  bo  obtained.  Such  Independent 
control  of  the  transmission  line  and  the  radiator  Is  not  possible 
In  the  more  conventional  approaches  In  Figures  A-9  c.  and  d.  that 
typically  produce  smaller  bandwldths. 

Design  analysis  capability  for  transmission  line  to  radiator  coupl¬ 
ing  for  Inverted  mlcrcstrlp  and  Inverted  ml crostrl p/suspended  micro¬ 
strip  Is  necessary  as  the  next  step  toward  the  array  development. 
Knowledge  of  the  transmission  line  parametric  analysis  will  aid 
In  the  analysis  of  power  dividers  such  as  the  Wilkinson  HteeH  and 
the  ring  hybrid  In  Inverted  microstrip,  but  such  designs  must  be 
verified.  Flnally.the  resonant  subarray  concept  with  the  relevant 
transmission  lines  and  radiators  Is  critical  to  the  array  concept 
and  must  be  studied  and  developeo. 
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ABSTRACT 


N  ~ 

Periodic  dielectric  waveguide  structure*  w»r*Ott»n' 

sively  analyzed  and  war*  understood  in  th*  cohT7xt  of 
integrated-opt ics  theory.  Recently,  It  ha*  b**n  al so"d*mon* 

o 

strateo  *xp*r (mental ly  that  thi*  cl  a**  of  structurej^of f er 
many  advantage*  for  us*  a*  mi  11  ime ter-wav*  antenna* .  con- 
•  iderable  effort  is  currently  under  way  to  fully  d*vf4~^t<  it* 
potential.  Making  us*  of  the  available  analytic  me  «l£a  pre¬ 
viously  devised,  we  have  carried  out  an  extensive  and  sys¬ 
tematic  analysis  of  periodically  corrugated  dielectric 
antennas.  Th*  results  are  exhibited  in  a  way  that  is 
most  pertinent  to  millimeter-wave  applications.  On  the 
basis  of  the  obtained  numerical  data,  a  set  of  design  guide¬ 
lines  for  the  corrugated  dielectric  antennas  is  established 
here i n , 
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1.  Introduction 


A  dielectric  waveguide  with  a  periodic  perturbation,  or 
simply  a  periodic  dielectric  waveguide,  has  been  shown  to 
hold  substantial  promise  as  a  leaky-wave  antenna  for  millim¬ 
eter  app 1 i cat i ons* “S t  Such  an  antenra  structure  may  be  con¬ 
veniently  fabricated  on  a  uniform  dielectric  waveguide  to 
form  a  completely  integrated  mm-wave  system.  In  addition, 

the  dielectric  leaky-wave  »f..«nn»s  offer  the  advantage  of 

1  2 

electronic  beam  steering  '  .  Therefore,  in  recent  years,  a 

considerable  effort  has  been  made  for  a  better  understanding 

* 

of  this  particular  class  of  antennas  in  order  to  explore  its 
applications  to  mm-wave  systems. 

In  this  paper,  we  present  a  systematic  analysis  of  the 

periodically  corrugated  dielectric  waveguide  for  use  as  a 

1 eaky-wave ' antenna  for  mm-wave  applications.  We  recognize 

that  this  class  of  structures  has  been  extensively  analyzed 

for  integrated-optics  applications7  such  as  beam-to- 

surface-wave  couplers,  distributed  feedback  reflectors,  and 

filters.  In  fact,  leaky-wave  antennas  and  optical  periodic 

4  7 

couplers  are  based  on  the  same  physical  principle  '  and  a 
great  deal  of  information  on  the  basic  wave  -characteristics 
of  the  optical  devices  can  simply  be  carried  over  for  the 
understanding  of  the  mm-wave  antennas.  However , because  of 
the  substantial  difference  ir  the  permittivity  of  the 
materials  commonly  used  in  the  vwo  frequency  ranges  and 
because  of  different  processes  by  which  these  devices  are 
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constructed,  the  design  procedures  for  mm-wave  antennas 
differ  from  that  for  optical  couplers  in  many  respects.  The 
main  purpose  of  this  paper  is  to  make  use  of  the  existing 
theoretical  tools^*^  for  developing  design  guidelines  for 

the  particular  class  of  corrugated  dielectric  leaky-wave 

I 

antennas,  appropr i atel y  taking  into  account  special  require¬ 
ments  for  mm-wave  applications. 

For  mm-wave  applications,  a  corrugated  dielectric 
antenna  has  ,at  most,  a  few  wavelengths  in  width,  in  con¬ 
trast  to  thousands  of  wavelengths  for  most  optical 
couplers.  Therefore,  an  optical  periodic  coupler  can  be 
formulated  as  a  two  dimensional  boundary  value  problem  that 
may  support  independent  Tc  or  TM  modes  propagating  normally 
to  the  grooves  of  the  corrugation.  It  has  been  shown9’9 
that  to  investigate  the  effect  of  finite  antenna  width,  the 
most  basic  problem  to  be  solved  is  the  guiding  of  waves  pro¬ 
pagating  at  an  oblique  angle  in  an  infinitely  wide  periodic 
structure.  This  is  a  three  dimensional  electromagnetic 
boundary  value  problem  that  supports  only  hybrid  modes, 
e.g.,  it  requires  the  coupling  between  TE  and  TM  modes. 
Such  a  vector  boundary  value  problem  has  been  formulated 
and  the  propagation  charac ter i st i cs  for  the  general  case  of 
oblique  guidance  have  been  subsequently  analyzed.  The 
effect  of  the  finite  antenna  width  on  the  performance  of  the 
corrugated  dielectric  antenna  has  been  reported9,  it  has 
been  shown9*9  that  for  an  antenna  structure  of  finite  width,* 
the  longitudinal  phase  constant  is  determined  by  the' 
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unperturbed  uniform  waveguide  end  the  decay  constant  does 
not  differ  from  that  of  the  two-dimensional  case,  as  long  as 
the  width  of  the  antenna  is  not  oer-y  small.  In  this  work, 
we  shall  assume  that  the  antenna  width  is  large  enough  so 
that  the  leakage  constant  can  be  obtained  from  the  simpler 
normal  guidance  case. 

2.  Design  of  the  periodically  corrugated  dielectric  antenna 

The  configuration  of  a  dielectric  antenna  structure  is 
shown  in  Fig.l.  Such  an  electromagnetic  structure  has  been 
previously  analyzed  in  the  context  of  optical  periodic 
couplers7  and  many  radiation  characteristics  of  the  struc¬ 
ture  have  been  known.  The  antenna  structure  is  character¬ 
ized  by  four  parameters  i  the  thickness  of  the  uniform 

region,  tf ,  the  thickness  of  the  corrugation  region,  t^,  the 
period  of  the  corrugation,  d,  and  the  aspect  ratio  a  *  dj /d  =, 
Since  the  lengths  can  always  be  normalized  to  the  free-space 
wavelength,  it  is  not  necessary  to  consider  the  frequency  of 
the  source  as  an  independent  parameter.  On  the  other  hand, 
since  a  corrugated  dielectric  antenna  is  expected  to  be 
fabricated  from  an  originally  uniform  waveguioe  by  machin¬ 
ing,  it  is  more  appropriate  to  use  the  original  waveguide 
height  h  *“  t^+t^  a  parameter.  This  means  that  when  the 
waveguide  is  machined,  both  tQ  *nd  tf  will  change.  There¬ 
fore,  it  is  necessary  to  investigate  the  combined  effect  of 
change  in  t^  and  ♦  on  the  propagation  characteristics  of 

I  ^ 

the  antenna  structure. 


Because  of  the  periodicity  of  the  1 eaky-wave  antenna, 
the  electromagnetic  fields  everywhere  must  c  v  ist  of  all 
the  space  harmonics.  For  TM  modes,  we  have  i 

* 

Hy<x,z>  --  X  ln<z >exp< i kxnx >  <1> 

n=-<» 

where  1  is  the  n-th  harmonie  amplitude  of  the  magnetic 
field  and  kxn  js  the  x-component  of  the  propagation  constant 
of  the  n-th  harmonic  and  is  related  to  that  of  the  fundamen¬ 
tal  harmonic  by  t 

kxn  *  kxo  *  2nTt/d  **  -  j  U  ♦  2nir/d  »  ^?n  -  jot  <2> 

where  £  and  o(  are  the  propagation  and  attenuation,  constants 

of  the  fundamental  harmonic,  respectively.  It  is  noted  that 
the  propagation  constant  of  the  n-th  harmonic  differs  from 
that  of  any  other  harmonic  but  the  attenuation  constant,  o(, 
is  the  same  for  all  harmonics.  By  solving  the  boundary 
value  problem,  it  has  been  shown  that  k^o  and  the  harmonic 
ampl  i  tudes,  |ln  Jr,  =  0  ,  +  l  ,  +  2, . . can  be  determined  in  terms 
of  the  eigenvalues  ar d  eigenvectors  of  a  coupling  matrix 
characterizing  the  corrugation  region.  For  the  given 
antenna  structure  on  a  ground  plane  of  infinite  extend, 
because  the  energy  can  only  radiate  into  the  air  region,  it 
is  unnecessary  to  determine  explicitly  the  ha'rmonic  ampli¬ 
tudes,  if  we  are  interested  only  in  the  case  of  single  beam 
radiation.  In  the  present  study,  therefore,  we  are  left 
with  only  the  determination  of  the  dispersion  root  k  of 

A  O 

the  antc-nna.  For  simplicity,  k^o  will  be  referred  to  as  the 

t 

leaky  wave  constant.  Since  may  be  used  as  a  measure  of 
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th*  rut#  o f  energy  leakage,  it  will  also  be  called  th*  leak 
age  or  radiation  constant,  in  constrast  to  th*  phase  con 
stant  ft. 


In  th*  air  r*gion  where  th*  medium  is  uniform,  each 

/ 

harmonic  propagates  independently  as  a  plane  wave.  The 


transverse  propagation  constant  of 

the  n-th  harmonic 

i  s 

given  by  > 

k  a  t  _  i/2  \  1/2 

*zn  “  <ko  KxnJ 

<  3) 

For  a  very  shallow  corrugation  or 

t  very  smal  1  ,  it 

i  s 

intuitively  expected  that  kxQ  e 

0sw  "  kon*ff *  where 

^sw 

is  the  longitudinal  propagation  constant  of  the  unperturbed 
structure,  as  shown  in  Fig. 2.  Under  such  an  approximation 
and  invoking  <2>,  we  obtain,  from  <3>  « 


k*n  "  koCi  -  <"*ff  4  nA/r02]l/2  <4> 

For  only  the  n  *■  -1  harmonic  to  radiate,  w©  must  have  k  . 

*•  f  ~  * 

real  and  all  k2n  imaginary  for  n  f  -1  These  conditions 
can  alternatively  be  expressed  as  < 


X 

X 
+  1 


<  d  < 

<  d  < 


X 

2  X 

fleff  +  l 


■for  ne_ff  >  3 

U>) 

•for  Heft  <  i 

(0) 


Under  these  conditions,  the  n  *  -I  harmonic  radiatc-s  into 
the  air  region  at  an  angle  (with  respect  to  the  z-axis)  » 
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I 


0r*d  -  »ln“1<^-|/k0>  «  -*A>  <?) 

The  sign  of  €?r AcJ  determine*,  the  forward  or  backward  radia- 

tion.  Although  the  above  design  formulas  are  derived  under 

the  assumption  that  t  is  very  small,  they  also  hold  for  tg 

large,  if  the  normalized  phase  constant  or  the  effective 

index  of  refraction,  is  accurately  obtained  for  a 

given  t  . 

9 

It  is  noted  that  ntf^  of  a  periodic  dielectric 

waveguide  does  not  depend  appreciably  on  the  period  d  of 
the  structure.  Eq.<7>  shows  that  the  choice  of  the  period  d 
is  simply  determined  by  the  radiation  angle.  Therefore,  the 
effect  of  the  period  d  on  the  antenna  performance  will  not 
be  further  elaborated. 

2.1.  Effect  of  the  corrugation  thickness  t  on  the  radiation 
angle 


As  a  uniform  slab  of  the  thickness  h  is  machined,  the 
dielectric  material  is  scooped  out.  As  a  result,  the  effec¬ 
tive  thickness  of  the  corrugated  slab  is  reduced,  and  so  is 
the  effective  dielectric  constant.  It  has  been  well 
known *  '  that  the  effective  dielectric  constant  of  the  cor¬ 
rugated  slab  may  be  simply  determined  by  a  uniform  double 
layer  structure  with  the  volume  average  of  the  dielectric 
constant  for  the  periodic  corrugation  region.  As  an  exam¬ 
ple,  Fig. 2  shows  the  effective  dielectric  constant  as  a 
function  of  the  corrugation  thickness  for  a  per iodic  si  |  icon 
slab  with  the  aspect  ratio  d^/^  «  q.5.  Fig. 2,  the  solid 
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curves  ere  for  fixed  thickness  of  the  origional  slab,  h  « 

4  *  ,  as  *  parameter,  whereas  the  dsshtd  curves  Are  for 
fixed  thickness  of  the  uniform  portion  of  the  corrugated 
structure.  For  exsipple,  in  the  esse  of  sn  origins) iy  uni¬ 
form  slab  of  thickness  h  «*  0.2A, s  corrugstion  of  the  thick- 
ness  t  /\  *  0.05  snd  sn  Aspect  rstio  s  «  dj  /  d  *  0.5  will 
result  in  sn  Antenna  structure  with  sn  effective  dielectric 
constant  «  10,  ss  marked  by  the  cross  1  shelled  by  A  on 
the  curve  for  h  /A  *  0.2  In  Fig-">.  The  same  effective 
dielectric  constant  can  be  achieved  by  other  combinations  of 

h  And  *g  valuc-s,  such  as  h/A  ■  0.24  snd  t^  /  \  »»  0 . 1  ,  ss 
marked  by  the  cross  labelled  by  B  in  Fig. 2.  It  is  noted 
that  the  dashed  curves  are  useful  for  the  design  of  other 
types  of  structures,  snd  will  not  be  further  elaborated 
here.  After  »  neff  determined  for  a  given  antenna 
structure,  the  radiation  angle  is  determined  according  to 
<7> .  Thus,  the  set  of  solid  curves  provides  the  necessary 
information  for  determining  the  dependence  of  the  radiation 
angle  on  the  corrugation  thickness. 

2.2.  Effect  of  the  corrugation  thickness  on  the  radiation 
constant 

1  -5 

It  has  been  known  that  the  radiation  constant  U  is 
proportional  to  t^,  for  t^  entail,  and  reaches  a  saturation 
value  for  t^  large,  if  the  guided-wave  field  is  evanescent 
in  the  corrugation  region.  For  the  aspect  ratio  d./d  «  0.5, 
the  average  dielectric  constant  of  the  corrugation  region  is 
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^ave  “  4.5,  and  the  guided-wave  field  is  indeed  evanescent 

In  the  corrugation  region.  The  radiation  enstant  as  a  func¬ 
tion  of  the  corrugation  thickness  Is  shown  In  Fig. 3.  Evi¬ 
dently,  the  radiation  constant  o(  varies  with  the  corrugation 
thickness  t  in  the  fashion  expected. 

On  the  other  hand,  the  fabrication  of  a  periodically 
corrugated  dielectric  antenna  by  machining  changes  not  only 
the  thickness  of  the  corrugation  region,  but  also  that  of 
the  uniform  region.  Therefore,  it  is  necessary  to  consider 
the  combined  effect  of  the  changes  in  both  the  thicknesses 
of  the  corrugated  and  uniform  regions.  UJhen  a  uniform 
dielectric  slab  is  cut  to  produce  the  corrugation,  the 
thickness  of  the  remaining  uniform  region  decreases  at  the 
same  rate  as  the  depth  of  the  grooves  increases.  Based  on 
Fig. 3,  it  is  clear  that  the  leakage  or  radiation  constant 
will  increase  initially  as  the  grooves  are  cut  deeper  and 
deeper.  However,  because  of  the  changing  thickness  of  the 
i  natninv’  u,..form  portion  that  affects  the  basic  surface 
wave,  it  is  not  clear  at  this  point  that  if  the  radiation 
constant  is  still  too  small,  any  further  cut  can  be  helpful 
for  achiev  d  a  larger  radiation  constant. 

Fig. 4  shows  the  variations  of  the  radiation  constant 
and  the  radiation  angle  as  the  thickness  of  the  corru¬ 

gation  region  t  is  increased,  for  the  case  of  the  original 
thickness  h  --  0.3A,  the  period  d  **  0.25 A  ,  and  the  aspect  (  ) 

4  * 

ratio  dj/d  »  o.5.  When  the  grooves  are  shallow  <  tg  small) 
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the  solid  curve  show*  that  the  radiation  constant  o( 

Increase*  with  the  groove  depth,  as  expected.  However,.  of 

reaches  *  maximum  value  at  5  0.1A.  and  then  decrease*  a 
i*  -further  increased.  Such  a  decrease  in  o<  cr  be 

explained  a*  .ollow*  i  As  .t  j*  increased,  the  retiring 

uniform  portion  of  the  structure  becomes  thinner  and  thinner 
and,  a*  a  result,  the  phase  constant  of  the  guided  wave 
become*  smaller  and  smaller.  This  phenomenon  is  exhibited 
by  the  dashed  curve  for  the  radiation  angle  in  Fig. 4.  More 
specifically,  the  radiation  angle  increases  in  the  backward 
direction  with  increasing  t^. Eventual  1 y,  the  antenna  struc¬ 
ture  will  cease  to  radiate  in  the  backward  end-fire  direc¬ 
tion  and  the  guided  wave  becomes  totally  bounded. 

Fig. 5  shows  the  results  for  a  case  of  a  thinner  origi¬ 
nal  uniform  slab,  h  «  0.25A  ,  while  all  other  structure 

parameters  are  kept  unchanged  from  the  proceeding  case. 
However,  it  is  interesting  to  observe  that  the  maximum  value 
of  ci  occurs  at  the  same  thickness  of  the  remaining  uniform 

slab  t^  e.  o.2^  in  both  cases.  In  fact,  this  result  holds 
for  any  structure  with  d  *»  0.25  A  and  dj/d  =  0.5,  as  long  as 

i 

the  thickness  of  the  original  uniform  slab  is  sufficiently 
large. 


2.3.  Effect  of  the  aspect  ratio 

The  numerical  results  presented  in  the  preceeriing  sec¬ 
tion  are  all  for,  the  case  of  equal  width  for  the  teeth  and 
grooves  or  the  aspect  ratio  dl/d  =  0t5.  ,n  thc  fabrication 


343 


process,  the  aspect  rati©  can  be  aasiiy  controlled,  if 
i  For  comparison  purpose,  the  radiation  constant  et  as 

i  function  of  the  groove  depth  t  jr.  shown  In  F  i  g .  6  for  an 
original  unitcim  *l*b  of  tl.r  thickness  h  m  0 .  a*5A  and  the 
period  d  t.s  in  Fig. 5,  but  with  wid  r  teeth  <dj/d 

0.8)  or  r^rriwier  grooves.  With  such  a  new  aspect  ratio,  the 
attainable  maximum  value  of  3(  is  increased  by  a  factor  of 
* uou t  4  f i  O:  i  the  case  of  dj/d  **  o.b,  but  th('  gr"OV  €.•*«.  hrve  to 
be  cut  dee  pel  (t  ^  G.lA  >. 

In  urd*i  to  fully  understand  the  effect  of  the  aspect 
ratio,  th:  radiation  constant  as  a  function  of  the  aspect 
ratio  is  investigated  and  the  result;:  are  plotted  in  Fig.?, 
for  the  structure  and  parameters  indicated.  In  the  two  lim¬ 
iting  cases  of  the  aspect  ratio  t  dJ/cj  «  g  and  the 

periodic  structure  becomes  uniform  and  it  is  expected  that 
no  radiation  can  occur.  For  optical  structures  with  a  rela¬ 
tively  low  dielectric  constant,  it  is  well  known7  that  the 
maximum  radiation  occurs  at  the  aspect  ratio  cij/d  «  0.5  . 

For  mm-w&ve  antennas,  however,  the  dielectric  constant  is 
relatively  high  and  the  field  variation  in  the  corrugation 
region  depends  strongly  on  the  aspect  ratio,  and  so  docs  the 
radiation  constant.  Fig.£  shows  that  the  value  of  ot  peaks 
around  the  aspect  ratio  cij/d  -  0.7,  instead  of  dj/d  «*  0.5  as 
usually  expected.  Such  a  shift  in  the  aspect  ratio  can  be 
explained  qualitatively  as  follows  :  For  the  given  struc¬ 
ture,  the  fields  in  the  corrugation  region  arse  evanescent 

t 

for  the  expect  ratio  dl/d 

-  C.b;  therefore,  the  surface  wave 
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it  only  weakly  perturbed  by  the  corrugation*  and  the  radia¬ 
tion  constant  is  small.  When  the  aspect  ratio  is  increased, 
more  surf ace-wave  energy  is  shifted  to  the  corrugation 
region,  resulting  In  a  larger  perturbation  of  the  surface 
wave  and  a  larger  radiation  constant.  Thus,  we  may  conclude 
that  for  a  larger  radiation  constant,  the  aspect  ratio 
should  be  relatively  large  <dj/d  >  0.5>  or  the  grooves 
should  be  relatively  narrow. 

3.  Discussions  and  conclusions 

The  radiation  characteristics  of  thick  corrugated 
dielectric  antennas  are  relatively  insensitive  to  the  change 
of  structure  parameters.  From  the  practical  viewpoint,  this 
property  will  afford  a  larger  tolerance  in  . a  mass  production 
of  the  antennas.  On  the  basis  of  the  numerical  results 
presented  above,  we  may  now  establish  the  following  general 
guidelines  for  the  design  of  the  corrugated  dielectric 
antenna  structures* 

<1>  The  thickness  of  the  original  uniform  slab  and  the 

period  of  the  corrugation  are  determined  by  the 

*  • 

desired  radiation  angle  according  to  <7>. 

<2)  For  a  uniform  dielectric  slab,  there  exists  a 
groove  depth  tQ  that  yields  a  maximum  value  of 
radiation  constant}  a  desired  radiation  constant 
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smaller  than  the  maximum  velue  may  be  realized 


by  *  larger  or  smaller  value  of  t  ,  depend t no  on 
the  radiation  angle  desired. 

<3>  Within  the  constraint  of  the  radiation  angl  e ,  the 
larger  the  thickness  of  the  original  uniform  slab, 
the  larger  the  maximum  value  of  the  radiation 
constant  o(  achievftblc. 

<4>  There  exists  a  groove  width  or  an  aspect  ratio 
that  yields  a  maximum  value  of  the  radiation 
constant  U  and  a  smaller  value  of  ol  may  be 
realized  by  adjusting  the  aspect  ratio. 

<b>  For  a  uniform  dielectric  slab  of  larger  thickness 
and  high  dielectric  constant,  the  maximum  value 
of  U  occurs  with  the  groove  width  smaller  than 
the  tooth  width.  )n  other  words,  cutting  the  groove 
with  a  larger  width  may  not  help  i net  ease  the 
r  nd  i «.  t  i  on  c  ot  i  ■;  l  an  t  . 

It;  sdd  i  t  i  or,  to  thote  prev*.ri\>  <:  rbovt  ,  we  have  ca  tied 
but  e.  t  eio.  i  "o  numerical  re  u!L;.  for'  m.  r.y  di  if,  rent 


346 


* i tuition*.  In  part  leu* I  ,  f or  the  c*»*  of  relatively  thin 
antenna  structures,  the  radiation  character 1st Ic*  are  gen- 
trail  /  much  more  sensitive  to  tht  change  of  iitructur#  param¬ 
eters,  and  each  structure  has  to  bt  quant i tatlvely  evaluated 
individual!/.  Therefore,  genera)  design  guidelines  for  thin 
corrugated  dielectric  antennas  are  difficult  to  develop. 
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ABSTRACT 


This  paper  describes  the  Electronically  Steerable  Spherical  Array 
^  (ESSA)  antenna  and  Its  configuration  for  multiple  beam  operation  over 
^  a  hemispherical  coverage  region.  This  paper  discusses  the  ESSA's 
theory  of  operation  along  with  Its  RF  components. 


The  ESSA  Is  unusual  In  that  by  switching  between  beams  (which  are 
made  of  sets  of  elements  located  on  a  spherical  surface)  the  ESSA 
Is  able  to  provide  constant  gain  and  phase  Independent  of  the  scan 
angle.  _ _ _  - . -  ■ 

This  paper  concludes  that  the  ESSA  is  a  mature  technology  which  has 
significant  advantages  over  conventional  multi-faced  phased  array 
antennas . 

1.0  INTRODUCTION 

In  1975  Ball  Aerospace  Systems  Division  (BASD)  began  to  address 
the  problems  associated  with  providing  RF  coverage  between  TDRSS 
and  its  user  satellites.  The  primary  problem  which  was  to  be  re¬ 
solved  was  how  to  provide  the  very  large  solid  angle  coverage 
regions  required  by  the  user  satellites.  A  steerable  dish  approach 
was  discarded  very  quickly  because  many  of  the  TDRSS  user  scientific 
packages  required  inertialess  environments.  After  considering  the 


\ 
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problems  associated  with  multi -faced  phased  arrays*  BASD  began  de-  i 

velopment  of  the  switched  beam  hemispherical  antenna  which  came  to 
be  known  as  the  Electronically  Steerable  Spherical  Array  (ESSA). 

Since  then  the  ESSA  technology  has  matured  through  BASD's  fabrica¬ 
tion  and  test  of  both  7  and  14  dBIc  gain*  S-band  ESSA  engineering 
models  shown  in  Figure  1.  Presently,  BASD  Is  in  the  final  stages 
of  fabricating  a  14  dBIc  gain  S-band  ESSA  as  flight  hardware  for  the 
Earth  Radiation  Budget  Satellite. 

2.0  THEORY  OF  OPERATION 

An  ESSA  creates  an  aperture  by  the  selection  of  a  set  of  elements 

(element  cluster)  which  all  point  In  the  desired  direction.  The 

aperture  Is  then  moved  through  the  coverage  region  by  switching  to 

other  elements  which  point  In  the  new  desired  direction.  The  ESSA 

consists  of  a  spherical  surface  covered  with  microstrip  antenna 

elements  which  are  selected  and  summed  together  by  a  switching  power 

divider.  As  shown  In  Figure  2,  the  switching  power  divider  selects  ,) 

the  element  cluster  upon  command  from  the  microprocessor  controller. 

The  microprocessor  selects  only  those  elements  which  are  located 
within  a  specified  solid  angle  distance  from  the  desired  pointing 
direction.  The  elements  are  located  on  the  spherical  surface  by  the 
use  of  icosahedron  geometry.  This  geometric  technique  insures  that 
all  elements  are  spaced  by  approximately  Q.7X.  As  a  result  of  this 
similarity  In  spacing,  all  of  the  ESSA  element  clusters  are  virtually 
the  same  and  are  independent  of  scan  angle.  Figure  3  shows  the 
constant  gain  of  the  ESSA  compared  to  the  rolloff  of  the  phased  array. 

Another  way  to  look  at  the  ESSA  is  to  consider  the  ESSA  to  be  tfte 
electronic  equivalent  of  a  mechanical  glrabal.  With  a  mechanical 
glmbal  system,  the  aperture  Is  moved  mechanically;  with  the  ESS^, 
the  aperture  is  moved  electronically. 
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2  .1  Gain  Is  a  function  of  ESSA  Diana  tar 


Evan  though  tha  ESSA  gain  Is  not  a  function  of  scan  angla  It  Is, 
however,  a  function  of  tha  ESSA's  dlanatar.  Tha  raason  for  this 
relationship  between  gain  and  diameter  Is  tha  result  of  tha  con¬ 
straints  which  element  beamwldth  and  aperture  phase  delta  place  on 
the  aperture.  Element  beamwldth  limits  the  aperture  site  so  that  no 
element  used  In  the  element  cluster  has  higher  gain  away  from  the 
desired  direction  than  It  has  In  the  desired  direction.  If  the  aper¬ 
ture  Included  elements  which  were  outside  of  this  aperture  size 
limit, the  ESSA's  beam  would  be  broadened  and  Its  gain  reduced.  The 
second  constraint,  aperture  phase  del ta,  Is  best  described  by  Figure 
4.  That  figure  shows  that  a  phase  delta  exists  between  those  elements 
located  near  to  and  far  from  tna  desired  direction.  That  phase  delta 
may  be  reduced  by  pharis  compensation  and  as  a  result  improve  the  ESSA 
gain  and  phase;  or,  the  ESSA  aperture  diameter  may  be  restricted  so 
that  A<|>  does  not  excend  135  degrees.  Both  of  these  constraints 
limit  the  diameter  of  the  ESSA  aperture  and  therefore  have  an  Impact 
on  gain..  After  considering  cable  and  beam  crossover  losses,  the 
ESSA  gain  may  be  plotted  as  shown  In  Figure  5. 

2.2  Coverage  Region 

The  only  limit  to  the  ESSA's  coverage  region  Is  that  there  must  be 
elements  located  so  that  a  complete  aperture  may  be  formed  In  the 
desired  direction.  Hemispherical  coverage  therefore  requires  elements 
located  over  slightly  more  than  a  hemisphere.  For  full  spherical 
coverage,  an  ESSA  with  hemispherical  coverage  Is  typically  mounted 
on  each  side  of  the  electronics  platform. 
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3.0  MULTIPLE  BEAM  CONFIGURATION 


A  straightforward  extension  of  the  technology  allows  the  ESSA  to 
create  Independent  multiple  beams.  A  comparison  of  Figures  2  and  6 
shows  that  the  only  modification  required  for  changing  from  a  single 
beam  to  a  multiple  beam  ESSA  Is  the  addition  of  a  low  noise  amplifier 
and  power  divider  at  each  element  and  a  switching  power  divider  for 
each  of  the  multiple  beams. 

3.1  Element  Configuration 

When  changing  from  single  beam  to  multiple  beam  operation »  the  ESSA 
elements  must  be  modified.  Figure  7  Is  a  side  view  of  a  typical 
microstrip  element  used  by  a  single  beam  ESSA.  This  element  cor.**c':s 
of  the  microstrip  disk  element  which  Interconnects  through  spring 
loaded  contacts  to  the  microstrip  polarization  hybrid.  The  element 
Is  modified  for  multiple  beam  operation  as  shown  In  Figure  8.  This 
figure  shows  that  the  element  consists  of  a  microstrip  disk  and  a 
low  noise  amplifier.  The  microstrip  branch  line  coupler  used  to  provide 
a  circular  polarization  in  the  single  beam  ESSA  Is  replaced  by  a 
microstrip  Lange  coupler  located  Inside  the  low  noise  amplifier 
assembly.  Interconnection  between  the  element  and  low  noise  am¬ 
plifier  Is  through  a  sliding  pin  contact.  Incorporation  of  the 
amplifier  Into  the  element  assembly  serves  two  functions.  The 
first  Is  the  establishment  of  system  noise  figure  as  close  to  the 
aperture  as  possible.  The  second  is  the  creation  of  a  component 
which  may  be  easily  tested  and  replaced  by  depot  level  personnel. 

3.2  Power  Divider/Phase  Shifter  Assembly 

Figure  6  shows  that  power  dividers  are  used  to  divide  the  output  of 
the  element  assembly  for  Input  to  the  switching  power  dividers. 

These  power  dividers  are  arranged  radially  around  the  switching  power 
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dividers  as  uhown  In  Figure  9.  By  » .Tinging  the  power  dividers 
radially,  a  push-on  RF  connector  nay  be  used  between  the  power  divider 
assembly  and  the  switching  power  divider.  Push  on  connectors  greatly 
simplify  the  testing  and  service  of  the  multiple  beam  ESSA.  Also 
contained  within  the  power  divider  assembly  are  the  SPD  drive  elec¬ 
tronics  and  the  phase  compensation  networks  (If  required).  The  phase 
compensation  networks  are  switched  line  phase  shifters  which  use 
glass  packaged  axial  leaded  PIN  diodes  for  the  switching  function. 

3.3  Switching  Power  Divider 

BASD  has  fabricated  two  types  of  switching  power  dividers  which  may 
be  used  In  the  ESSA.  Both  radial  waveguide  and  microstrip  Imple¬ 
mentations  can  be  used  to  select  and  combine  the  desired  sets  of 
elements  used  to  create  the  beams.  A  10  mA  bias  supplied  to  the  de¬ 
sired  Input  ports  causes  the  desired  SPD's  PIN  diodes  to  go  to  a 
low  resistance  state,  thereby  directing  signals  from  the  elements 
controlled  by  those  PIN  diodes  to  go  to  a  sunning  junction. 

3.4  Microprocessor 

2 

A  16-bit  I  L  microprocessor  is  used  to  control  the  ESSA.  This  micro¬ 
processor  interfaces  with  the  SPD  driver  and  user  electronics  through 
a  serial  data  interface. 

4.0  OPERATING  MODES 

The  ESSA  microprocessor  has  the  capacity  to  cause  the  ESSA  to  operate 
in  a  variety  of  operating  modes. 

•  Omnidirectional  -  The  SPD  is  Instructed  to  sum  together  a  set 
of  elements  which  provide  ,,ornni''  coverage  over  a  hemisphere. 


•  Progrtn  Trick  -  The  microprocessor  calculates  the  pointing 
snglt  towards  TDRSS  bsstd  on  ephimtrls  data  provided  period¬ 
ically  for  both  TORSS  end  the  user  satellite, 
e  Directed  Been  -  The  microprocessor  esuses  the  ESSA  to  point 
In  the  contended  direction. 

e  Automatic  Acquisition  -  The  ESSA  eon  use  e  flgure-of -merit 
such  os  tn  AGO  level  provided  by  the  receiver  to  determine 
the  pointing  ingle  towards  the  target.  No  other  Information 
regarding  target  location  Is  necessary. 

5.0  PERFORMANCE  ADVANTAGES 

The  ESSA's  advantages  over  the  conventional  multi -faced  phased  array 
Include: 

a  Single  mounting  structure 
a  Gain  "independent"  of  scan  angle  \ 
a  Phase  "independent"  of  scan  angle 
a  Time  delay  "Independent"  of  scan  angle 
a  Beam  shape  "Independent"  of  scan  angle 
a  Simple  phase  compensation  networks  may  be  used 
a  Data  update  may  be  accomplished  more  easily 
a  Lower  power  draw 

These  advantages  make  che  Electronically  Steerable  Spherical  Array 
an  attractive  antenna  for  applications  which  require  single  or  mul¬ 
tiple  beam  coverage  of  large  solid  angle  regions. 
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Figure  3  ESSA's  Gain  Remains  Constant  While  Phased  Array's  Gain  Rolls  Off  When  Scanned 
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Figure  4  A  Phase  Difference  Exists  Between  the  Elements  Used  in  che  Aperture 
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Figure  5  ESSA  Gain  is  a  Function  of  Si2e 
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Figure  6  Multiple  Beams  May  Be  Provided  With  Little  Change  to  ESSA/s  Block  Diagram 
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Figure  9  Multiple  Beam  Electronics  May  Be  Enclosed  Within  the  ESSA  Dome 
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f  Abstract 

This  paper  describes  the  study  of  a  spatial  combining 
approach  tc  achieve  a  tractable  design  for  a  physically  compact 
EHF  satellite  earth  terminal  antenna  system  which  could  address 
and  overcome  current  44  GHz  solid  state  RF  power  generation 
limitations.  Specifically,  the  achievement  of  high  values  (>  55 
dBW)  of  uplink  EIRP  at  44.5  GHs  with  the  use  of  small  diameter 
24  Inches)  reflector  antennas  and  a  single  feed  requires  higher 
levels  of  power  amplification  (typically  10  watts)  than  currently 
achievable  with  individual  solid  state  EHF  devices.  A  solution  tc 
this  problem  is  to  use  spatial  power  combining  of  the  outputs  of 
an  array  of  feed  horns  individually  driven  by  low  power  solid 
state  amplifiers  phase  locked  to  a  common  source.  This  paper 
describes  the  numerical  study  of  such  an  array  used  with  an 
offset,  plane-wave  fed,  near-field  Cassegrain  reflector  system. 


*The  work  reported  in  this  paper  was  sponsored  by  the  Department 
of  the  Air  Force. 

^"The  U.  S.  Government  assumes  no  rtsponslolllty  for  the 
information  presented  here. 


The  study  included  modelling  random  phase  and  anplltude  ernmss  in 


the  feed  amplifiers  end  determining  the  effects  of  these  ernoms  on 
the  system  performance .  These  computed  results  denonstrjMHr  the 
feasibility  of  using  the  spatial  combining  approach  to  iMievlde 
high  EIRP  for  mobile  EHF  communi cat lone  terminals.  •"•***' 

I.  INTRODUCTION  **** 

The  spatial  combining  approach  to  achieving  high  levjpke  of 
tenalnal  EIRP  can  be  implemented  with  a  variety  of  reflector  and 
feed  array  configurations.  Indeed,  a  previous  study l1!  done  at 
Lincoln  Laboratory  evaluated  a  Cassegrain  configuration  consisting 
of  a  symmetric  paraboloidal  main  reflector,  ellipsoidal  sub¬ 
reflector,  and  focused  feed  array  of  32  square  horns.  This  paper 
describes  a  different  configuration,  specifically  an  offset  plane- 
wave  fed/ near-field  Cassegrain  (NFC)  configuration  consisting  of  a 
paraboloidal  reflector,  a  confocal  paraboloidal  subreflector,  and 
an  unfocussed  planar  array  of  horns  arranged  in  a  hexagonal 
distribution.  The  paraboloidal  reflector  used  in  this  study  was 
constrained  to  be  a  24-inch  offset  reflector  (F/D  -  .5).  The 
configuration  was  selected  for  both  its  compactness  and  the 
hardware  implementation  advantage  of  placing  all  feedhorns  on  a 
plane  and  driving  all  feed  horns  in  phase  (as  opposed  to 
configurations  requiring  non-planar  positions  and/or  illumination 
phase  tapers). 

The  near-field  Cassegrain  is  favored  over  a  full  phased  array 
aperture  approach  because  providing  dual  frequency  (receive  aud 
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transmit  function*)  capability  with  a  phaaed  array  would  require 
either  providing  two  aperturea  resulting  in  a  such  larger  physical 
envelope,  or  providing  feed  horns  with  dual  frequency 
capability*  Dual  frequency  feed  horns  would  sake  a  phased  array 
undesirably  complex  as  well  as  possibly  leading  to  grating  lobe 
difficulties  due  to  different  wavelength  separation  values. 

The  numerical  analysis  of  this  system  was  carried  out  using 
existing  aperture  antenna  analysis  software  specifically  modified 
to  handle  the  near  field  Cassegrain  geometry  and  to  impose  random 
error  distributions  on  both  feed  phases  and  feed  amplitudes.  This 
software  was  used  to  parametrically  study  the  effects  of 
variations  In  array  sise,  array  location,  and  feed  amplitude  and 
phase  errors  on  the  directivity  and  aperture  loss  of  the  system. 
Aperture  loss  is  defined  in  this  study  as  the  combination  of 
spillover  and  illumination  variation  losses. 

The  baseline  configuration  consists  of  the  constrained 
primary  reflector  diameter  of  24  Inches,  a  magnification  ratio  (of 
reflector  to  subreflector  diameters)  of  5,  and  a  19-horn  feed 
array.  When  using  1/2  watt  RF  power  amplifiers  with  pessimistic 
values  of  random  amplitude  and  phase  errors  (-3  dB  and  30° 
standard  deviations),  an  EIRP  of  54.3  dBW  at  44.5  CHz  can  be 
achieved. 
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II.  CONFIGURATION  DETAILS 


The  near  field  Cassegrain  (NFC)  configuration  treated  In  this 
study  differs  f roa  a  conventional  Cassegrain  configuration  in 
several  ways.  The  differences  are  suaaarlsed  in  Table  I. 


nuna  or  mi*-niu> «.  cowmmoML  enema  him 


sus-n>M>  omwAti 

tott  nflMtin  in  ftMililiil. 


uu  rtdact.n  in  oiitiwl 
(MittlM  m  ml«4  t.  wk  athat. 


tu)>r.U.CCor  U  1*  MM-fl«ll 
of  fool  array* 

Umu  fkiH  (rat  lllualiatloi 
(l.i, ,  rtm-wi  uciiiu), 


Khulna  a  tool  irray  or  a  Imra/laaa 
coaktaatloa. 

array  mill  yoaltlsa  la  at  oacsalary 
Mfarraaa. . 


SBBHBsatfc  stuma. 

Orm  ratlaetar  la  yarahaleUali 
aaa  la  kyyackala!4al. 

lack  radaetaia  fcava  a  MM* 
faaaa  tot  la  aat  aeala  ca  aaefc 
achat. 

Suktaflactor  la  uaually  la  tar 
flail  of  tha  fail. 

Canal  yhaaa  froac  lllualaaclaa 
(l.a. ,  ayharlcal-aaaa 
laellait). 

Caa  la  fal  ay  an  array  at,  mi* 
typically,  a  alaal*  foal, 

1x1  al  (aal  position  la 
critical. 


In  addition  to  the  features  described  in  Table  I,  both  the 
near  field  and  conventional  Cassegrain  systems  can  provide  a 
scanned  beam  capability  if  required.  The  scanning  mechanism 
Implementation,  however,  is  accpmpllshed  differently  for  each 
system.  Scanning  with  the  NFC  is  accomplished  electronically  by 
generating  a  linear  phase  front  taper  on  the  feed  array 
excitation.  Scanning  with  the  conventional  Cassegrain  is 
accomplished  by  physically  moving  the  feed  '  (in  the  case  of  a 
single  feed)  or  by  generating  a  complex  phase  and  amplitude  taper 
(in  the  case  of  an  array  of  feeds).  A  more  complete  description 
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of  the  general  features  of  an  NFC  system  and  ica  alactronlc 

a canning  capablllciaa  can  be  found  tn  Kef.  (21 »  The  beta  scanning 
for  the  NFC  will  not  be  discussed  further  in  thla  paper. 

The  geometry  of  the  NFC  configuration  considered  In  this 
study  le  given  In  Figure  1  In  profile  and  head-on  views.  The 
unsubscrlpted  coordinate  frees  has  Its  origin  pieced  at  the 

paracolic  vertex  and  the  subscripted  ("s'*)  coordinate  frame  has 

its  origin  at  the  center  of  the  reflector.  The  set  of  feed  horns 
la  plctorially  shown  at  one  of  the  two  fixed  feed  positions 

(2g  -  -.083  Inches;  equivalent  to  Z  •  44  inches).  The  particulars 
of  this  configuration  are  auasutrlsed  in  Table  II. 


u 


lUMARY  OF  CONFIGURATION  AND  GICNRRX  OF  MFC 


Number  of  Teed. : 

Distribution  of  Feudal 

Individual  Food  DUastsrst 

Oaf lector  Disaster: 

Ref lector  f/D  Ratio: 

Subref lector  f/D  Rati'): 

Distance  Fran  Reflector 
Canter  to  Svnaatry  Asia: 

Containasnt  Knvelope: 


1» 

Reeeoooal  Array  (J,  4.  3,  A.  3) 

1  inch  (nanmal) 

24  inches 

0.3 

0.3 

14  inches 

Nonlnal  it  inch  (Die*)  X  18  inch  (Height) 
Cylinder 


The  magnification  ratio  (reflector  diameter  divided  by  the 
subreflector  diameter)  is  5.  The  geometrical  blockage  determined 
by  the  mutual  projection  of  the  subreflector  and  reflector  onto 
the  x-y  plane  was  computed  as  -0.12  dB.  (The  numerical  software 
does  not  compute  blockage  loss  so  this  increment  must  be 
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subtracted  fro*  the  computed  41 rood vie loo)*  Food  array  location 
aloof  eba  «  axis  woo  Initially  a  variable  in  dotornlning  aperture 
loss.  Two  fixed  orroy  positions,  ooloccod  prinarlly  on  the  basis 
of  their  suitability  for  incorporating  a  dichrolc  surface  at  a 
later  ties ,  wore  used  in  subsequent  computations. 

HZ.  ANALYSIS 

The  software  techniques  and  aethods  used  in  this  analysis  are 
based  on  core  antenna  analysis  progress  developed  at  Lincoln 
Laboratory.  Specialised  software  to  generate  rando*  feed  array 
errors  was  appended.  The  aethods  used  In  the  software  are 
summarised  as  follows.  An  analytic  feed  model  ("unit  feed")  Is 
assumed  for  the  Individual  elements  of  the  hexagonal  array 
distribution.  The  unit  feed  consists  of  the  far  field  pattern  of 
a  circular  aperture  which  hen  an  area  equal  to  the  area  of  the 
modeled  hexagonal  feed  apertures  .  The  unit  feed  model  has  100Z 
aperture  efficiency  with  linear  polarisation  which  is  contained  in 
the  reflector  offset  (i.e.,  Y-Z)  plane.  The  use  of  the  far  field 
pattern  for  the  circular  unit  feed  poses  some  restrictions  on  the 
feed  slse  end  placement.  However,  e  very  large  individual  feed 
must  be  placed  very  close  to  phe  subreflector  to  cause  significant 
error  in  the  main  lobe  illumination.  The  19-horn  feed  arrays 

*The  effect  of  mutual  coupling  in  the  feed  array  is  neglected  in 
this  analysis.  It  is  s  secondary  effect  which  could  be  Included 
in  the  final  array  feed  analysis  and  design  but  is  expected  to  be 
insignificant. 
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discussed  hara  ara  sufficiently  far  from  tha  subreflector  to 
aaauro  Insignificant  error. 

Tha  far  field  pattarn  function  of  aach  unit  faad  ia  uaad  In 
conjunction  with  gaoaatrlc  optica  relationships  (i.e.,  ray  tracing 
through  tha  subraf lector  to  aaall  incrasanta  of  tha  reflector 

surface)  to  solve  for  tha  eurface  currant  on  tha  reflector 

subaperture  due  to  the  unit  faad.  Tha  surface  currants  ara  than 
vectorlally  sunned  over  tha  nuaber  of  faad  sources.  Tha  total 
surface  current  density  on  tha  reflector  subaperturee  is  than 
analytically  related  to  the  far-fleld  which  is  numerically 
integrated  to  determine  the  total  far  flald  of  tha  NFC.  In 

setting  up  the  reflector  illumination  function,  tha  individual 
feed  amplitude  weights  are  normalized  to  provide  1  watt  total 
input  power.  Normalizing  the  total  input  power  also  makes  It 
easier  to  scale  the  results  for  other  Input  power  levels.  In 

computing  the  EIRP  of  the  plane  wave  Cassegrain  fed  by  the  19  horn 
array,  the  nominal  (i.e.,  with  no  degradation  effects)  input  power 
to  each  horn  is  i/19  -  .0526  watt.  A  one-sided  normal  error 
distribution  was  imposed  on  the  amplitudes  of  the  19-horn  array 
along  with  a  two-sided  normal  distribution  on  the  phase  errors. 
The  one-sided  amplitude  distribution  was  selected  to  model  the 
random  nature  of  the  amplifier  power  transfer  functions  and  long 
term  degradations  thereof.  The  feeds  and  reflectors  are  assumed  to 
have  no  conduction  losses. 
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Directivity  1«  defined  as  Che  directive  gel a  et  the  pet ter a 
maximum  end  la  given  by  the  ratio  of  the  radiation  lnteoalty  on 
the  peak  of  the  bean  to  the  radiation  lnteoalty  of  an  Inotropic 
source  radiating  the  aaaa  power  aa  the  teat  antenna) 


4w  U, 


snr 


aax 


(1) 


where  Fred  is  the  radiated  power  which  equala  the  Input  power  for 
the  condition  of  no  conduction  losses. 

Sons  care  euat  be  exercised  in  applying  reflector  antenna 
software  analysis  tools  such  aa  the  one  used  here.  The 
aubreflactor  oust  be  In  the  far  field  region  relative  to  the 
Individual  feed  horns  aa  stated  above.  However*  the  aubref lector 
■ust  also  be  positioned  in  the  mar  field  of  thr  overall  feed 
array  to  obtain  plane  wave  illumination  of  the  subreflector.  With 
extremely  close  feed-subreflector  spacings,  («  2D‘/X),  where  0  * 
feed  horn  diameter*  the  software  modelling  technique  breaks  down 
resulting  in  incorrect  computations.  However*  all  the 
feed-subref lector  spacings  used  in  this  study  exceed  this 
limitation.  At  the  other  extreme  of  distant  feed-subreflector 
spacings,  the  wavefront  illumination  on  the  subreflector 
approaches  an  undeslred  spherical  wave  resulting  in  low  values  of 
directivity  (albeit  computed  using  a  valid  algorithm).  [Note:  It 
is  planned  to  perform  calculations  at  a  later  time  using  measured 
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pattern?  of  a  circular  feed  horn  In  place  of  the  unit  feeds.  The 
unit  feed  has  a  100X  illumination  efficiency,  i.e.,  it  aaauaea 
that  the  equivalent  hexagonal  feed  aperture  ia  uniformly 
illuminated.  It  la  estimated  that  the  circular  feed  home  will  be 
about  80X  efficient  relative  to  the  unit  feed,  hence  about  a  -1  dfl 
difference  in  the  directivity  computations  can  be  expected]. 

Edge  diffraction  effects  associated  with  the  near-field 
assumption,  and  the  reflector  edges  have  not  been  considered  in 
this  study.  Their  effects  on  directivity  computation*  are 
negligible. 

IV.  COMPUTED  RESULTS  AND  CONCLUSIONS 

The  configuration  reported  in  this  memo  was  shown  in  Figure  1 
with  profile  (y*  plane  cut)  and  head-on  (x-y  plane  cut)  views. 
The  baseline  reflector  magnification  ratio  (of  reflector  to 
subreflector  diameters)  is  five.  The  baseline  feed  array 

consisted  of  19  horns  nominally  1  inch  in  diameter  he^a^onally 
distributed.  Variations  from  these  baseline  values  were  also 
treated  In  the  course  of  the  study,  e.g.  magnification  ■  4  and 
hexagonal  arrays  of  7,  37,  and  61  horns.  The  computed  results  for 
these  variations  is  not  significantly  different  from  those  for  the 
baseline  configuration.  Hence,  those  results  are  not  presented  in 
this  paper  for  the  sake  of  brevity. 

Figure  2  shows  the  computed  value  of  aperture  lo»  7 
(determined  by  taking  the  difference,  in  dB,  between  the 


directivity  of  a  uniformly  illuminated  aperture  and  tha  computed 
far  flald  on-axis  directivity)  va  food  array  position  along  the  a 
axla,  Tha  apartura  loaa  of  approximately  1.5  dB  la  mainly  due  to 
apll lover,  l.e.,  radiated  power  that  mlaaaa  tha  aubraf lector.  In 
addition,  there  la  aoma  minor  amplitude  variation  over  tha 
apartura  which  alao  reducaa  tha  affldancy.  Tha  portion  of  tha 
curve  in  Figure  2  that  la  dee  had  Indicates  tha  region  where  tha 
feed-subref lector  distance  la  la&a  than  2D*/A,  where  D  is  tha 
diameter  of  tha  unit  feed,  baaed  on  tha  computed  results  shown  In 
Figure  2,  two  fixed  a- axla  locations  for  the  feed  array  ware 
selected  for  use  In  subsequent  computations.  These  positions 
(Za  ■  -.083  Inch  and  -3.083  Inch,  Ys  -  -11.2  Inches)  approximately 
correspond  respectively  to  the  feed  array  positioned  beneath  the 
center  of  tha  reflector  and  slightly  in  front  of  (and  above)  the 
reflector  vertex.  Both  feed  array  centers  are  located  on  a  line 
which  Is  parallel  to  the  Z-axls  and  goes  through  the  center  of  the 
subreflector.  The  selection  of  the  optimum  feed- ref lector  spacing 
depends  strongly  on  where  and  how  a  dichroic  surface  (used  to 
accomplish  dual  frsqusncy  operation)  is  placed  in  the 
configuration.  Tha  closer  feed-subreflector  spacing  (Z8  *  -.083 
inch)  which  has  slightly  lower  aperture  loss  (-1.46  dB)  might  be 
used  If  the  dichroic  surface  were  incorporated  onto  the 
subreflector  surface.  The  further  feed-subreflector  spacing 
(Za  ■  -3.083  inch)  might  be  used  if  a  planar  dichroic  surface  were 
placed  between  the  feed  array  and  the  subreflector. 
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In  a  separate  study,  uperture  lots  was  eoaputad  as  a  function 
of  total  food  hero  area  with  all  other  parameter*  held  constant* 
It  was  found  that,  for  the  previously  specified  baseline 
paraaatera,  the  baseline  feed  geoaetry  (19  feeds;  total  area  ■ 
13.61  sq.  Inches)  resulted  in  an  aperture  loss  which  was  very 
close  to  the  optimum  value  (-1*46  dB  aperture  loss  with 
Zg  •  -.063  Inches  vs  the  optimum  value  of  -1.41  dB). 

Figures  3(a,b)  shows  the  far  field  pattern  in  the  ys  plane 
for  the  two  feed  array  positions.  The  sldelobe  levels  are 
slightly  asymmetric  with  maximua  levels  of  -19  and  -18. 5  dB. 

Random  error  distributions  were  next  iaposed  on  the  feed 
array  amplitudes  and  phases.  (Reflector  surface  distortion 
effects  were  not  considered  in  this  study.  Any  loos  of  gain  due 
to  such  effects  would  add  to  tli*  losses  eoaputad  here  and  can  be 
accounted  for  by  standard  formulas.  For  the  slsa  of  the  reflector 
considered  here,  such  loss  will  be  small.)  Figures  4(a)  and  4(b) 
give  plots  of  maximum,  minimum  and  mean  values  of  directivity 
computed  as  a  function  of  maximum  deviation  for  uniformly 
distrlouted  random  phase  errors.  For  each  data  point,  a  set  of 
ten  sequential  cases  were  run.  The  maximum  and  minimum  values 
computed  and  plotted  do  not  necessarily  represent  absolute  smximum 
and  minimum  values,  but  rather  maximum  and  minimum  values  for  the 
sets  of  10  runs  per  data  point.  The  feed  array  positions  are 
Zg  »  -C.G83  inch  and  -3.083  inch  respectively.  Figures  5(a)  and 
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t5(6)  are  sinllarly  computed  and  plotted,  but  for  10  random  cases 
with  normal  distribution,  with  the  abscissa  giving  the  one  sigma 
value  of  the  phase  error  distribution.  The  same  feed  array 
positions  (Zg  ■  -0.083  and  -3.083  inches)  ars  used. 

In  comparing  Figure  4(a)  and  Figure  5(a)  (or,  alternatively 
4(b)  and  5(b)),  one  finds  that,  for  a  given  abscissa  value,  the 
directivity  values  (max,  min,  and  mean)  are  lower  for  the  case  of 
the  normal  error  distribution  as  compared  to  the  uniform  error 
distribution  case.  For  the  uniform  distribution  case,  the 
abscissa  values  represent  the  (+,  -)  maximum  values  of  the 

distribution  whereas,  for  the  normal  distribution,  the  abscissa 
values  represent  the  one  sigma  value.  Thus,  the  significant  phase 
error  values  extending  out  to  the  three  sigma  points  ox  the  normal 
distribution  account  for  the  increased  aperture  loss  of  the  normal 
distribution  compared  to  the  uniform  distribution. 

The  upper  limit  on  the  phase  error  axes  (60°)  was  chosen 
solely  to  show  enough  of  the  curves  to  understand  the  trend  in 
directivity  degradation.  The  b0°  limit  is  likely  .ar  in  excess  of 
typical  random  phase  errors  anticipated  due  to  phase  lock  loop 
instability,  component-to-component  variations,  line  length 
variations,  and  the  like.  It  is  interesting  to  note,  however, 
that  the  directivity  reductions  at  sucn  large  phase  errors  are, 
albeit  undesirable,  certainly  not  catastrophic  from  an  operational 
point  of  view. 
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Computationally,  the  average  value  of  EIRP  is  found  by  taking 
the  average  value  over  a  large  number  of  runs  (10  used  in  this 
study)  of  the  product  of  the  computed  antenna  directivity  (which 
is  largely  influenced  by  the  phase  error  distribution)  and  the 
actual  (i.e.,  degraded)  total  input  power  for  each  run.  Stated  as 
an  equation,  average  EIRP  is  given  as  follows: 

M  N 

E  [(  E  P  )  G  ] 

.  L'‘  .  n'm  mJ 

EIRP  (average)  ■  (2) 

where:  N  a  total  number  of  feed  horns  (*19) 

M  -  total  number  of  runs  (*10) 

PQ  -  RF  power  fed  ro  the  nth  feed  horn  (watts) 

Gm  «  computed  antenna  directivity  for  the  mth  run 

The  computed  average  EIRP  (dB)  for  the  set  of  10  successive  runs 
is  given  in  Figures  6(a)  and  6(b)  where  the  standard  deviation  of 
the  phase  distribution  is  used  as  the  independent  variable  with 
parametric  values  of  standard  deviation  of  the  one-sided  amplitude 
distribution  (0  dB,  -1  dB,  -3  dB,  and  -6  dB).  Figures  6(a)  and 
(b)  also  contain  tabular  printouts  of  the  computed  antenna 
directivity  and  the  EIRP  for  all  the  error  combinations  used. 
Using  these  printout;.:,  one  can  quickly  separate  the  gain  reduction 
component  due  to  error  introductions  from  the  reduced  radiated  KF 


power  component 


The  graphs  of  EIRF  vs  phase  error  standard  deviation  (for 
constant  amplitude  error  distributions)  given  in  Figures  6(a)  and 
6(b)  draw  closer  together  with  increasing  phase  error.  This 
"bunching"  effect  is  a  reasonable  and  expected  phenomenon  and  can 
be  explained  as  follows.  Comparing  Che  0  dB  and  -3  dB  amplitude 
error  curves,  one  finds  that  the  gain  reduction  due  to  introducing 
severe  phase  errors  (e.g.,  60s  phase  error  standard  deviation)  on 
an  aperture  with  an  approximately  uniform  amplitude  distribution 
(i.e.,  power  deviation  ■  0  dB)  is  greater  than  the  gain  reduction 
due  to  introducing  the  same  severe  phase  errors  (std.  dev.  of  60°) 
to  the  set  of  feeds  with  a  one-sided  normal  amplitude  distribution 

(3  dB)  standard  deviation)  imposed  on  them.  This  difference  in 

gain  reductions  for  uniform  vs  randomly  reduced  amplitude 
distributions  relates  to  the  fact  that  introducing  a  large  phase 
error  to  any  of  the  unit  amplitude  feeds  will  have  a  substantial 
effect  on  gain  reduction  compared  to  introducing  the  same  large 
phase  error  to  one  of  the  feeds  with  a  reduced  input  amplitude. 
In  the  limit,  a  fully  derated  feed  (-•  dB  input  amplitude)  can 
tolerate  an  arbitrarily  large  phase  error  with  no  effect  .her 
than  the  gain  reduction  due  to  removing  the  excitation  from  that 
one  feed . 

Finally,  a  combined  amplitude  error  standard  deviation  of 

-3  dB  and  a  phase  error  standard  deviation  of  30  degrees  results 
in  an  expected  E1RP  reduction  of  -3.06  dB.  Of  this  amount, 
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1.13  dB  is  due  to  the  gain  reduction  caused  by  the  introduction  of 
phase  and  amplitude  errors,  and  the  remainder  (1.93  dB)  is  due  to 
the  reduced  RF  power.  If  1/2  watt  RF  amplifiers  were  used  at  each 
feed  horn,  the  resulting  EIRP  for  these  large  amplitude  and  phase 
error  distributions  would  be  54.3  dBW.  Based  on  these  computed 
results,  the  spatial  combining  approach  is  a  viable  and  attractive 
technique  for  achieving  high  EIRP  for  mobile  EHF  communications 
terminals. 
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Figure  2.  Aperture  loss  (dB)  vs  feed  array  position  (inch)  relative  to 
coordinate  of  reflector  center. 

Baseline  feed  array:  M  *  5;  19  horns;  no  feed  errors. 


DUKES 

Figure  3(a).  Far  field  pattern  in  the  y-z  plane  (Z  *  -3.083  inches). 
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Figure  3(b).  Far  field  pc.t~.ern  in  the  y-z  plane  Z  *  -.083 

source 


4M 


< 

: 

I 

1 

r 

8 

Hi 
Hi 
4 
4 
4 
i i 
i 
i 

u l 


ft  W  Si  8 


P)  MIAII03HKI 


maximum  value  of  a  uniform  distribution  of  phase 


i»i«h 


i  w 

Im 


iifiiiiiiKiiiiiiiiiiimiimiiiiiiii 

IIIIIIIIIIIHIIIUliilHIIIIIIimilllll 
lllllllHlISf  IIIIIHI  Hill  lllllllllllllll 

iiiiiimiiiiisiiiiiiiiiiiiiiimiimi 
piiiiiKiiiisiimi  mu  iiiiiiiiiiimi 
mimsiHffliuMiHiiniiiiiiiiimi 


‘Sd7 


IIIIIJISI 

Simriiii 


xa!# 


Hiiiiifiiiiiiiiiui  mu 

iiiiiimiiiimmiiiiii 

MHIIIIHIHIIIIIIIIUIII 

^■iiiiiiiiiiiiiiiMiiiiiiimi 

liiiimiiiiiiiiiiiiiiiiiiiiiiiiiiiii 
HHIIIIUIIIIII1IIIIUUIIIIIIIIUIIIII 


(BP)  UIAIXDSBia 


388 


Figure  5(a).  Maximum,  mean,  and  minimum  values  of  computed  directivity  vs  standard 
deviation  (La)  for  normally  distributed  phase  errors;  Z  «  -.083  inches. 


BRAIN  ANT. 


EIKP  (dBW)  as  a  function  of  phase  and  amplitude  errors 
Inches) . 
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INTRODUCTION 


4r 


\  C 


This  paper  discusses  tfie  design  and  performanc^jpf  a 
956Hz  mechanically  scanned,  shaped  beam  antenna  wh1ch\ requires 
no  electrical  wiping  contacts  or  rotary  joints.  The  antenna  was 
\  required  to  produce  a  shaped,  60^  wide,  beam  In  elevatlplCSnd  a 
10°  half-power  beam  width  In  azimuth,  scanning  over  180^  W the 

azimuth  plane.  The  peak  gain  required  was  lldB  (CP).  Det*gh 

■* 

approaches  and  theory  are  given,  together  with  measured  results 
of  developmental  models. 

DESIGN  APPROACH 


Several  conventional  design  approaches  were  considered. 

A  pyramidal  horn  (Figure  la)  or  a  hog-horn  (Figure  lb)  with  the 
required  beam  widths  could  be  employed;  however,  these  designs 
would  require  rotary  joints,  the  hog-horn  would  be  expensive  to 
fabricate  at  95GHz  and  would  suffer  from  rotary  joint  losses 
and  reliability  as  well  as  life  problems.  The  approach  success¬ 
fully  implemented  utilizes  a  stationary  pyramidal  10°  by  10°  HPBW 
horn,  with  its  axis  vertical,  and  a  rotating  shaped  cylindrical 
reflector  (Figure  lc).  The  reflector  changes  one  10°  HPBW. 
to  a  flat- top  sixty  degree  wide  elevation  beam  centered  on  the 
horizon,  while  the  original  10°  beam  width  is  retained  In  azimuth. 

The  reflector  is  rotated  for  scanning  but  the  horn  Is  stationary. 

Thus  no  rotary  joint  Is  required,  eliminating  associated  r-f  loss, 
cost,  and  reliability  problems.  The  reflector  mass  can  be  made 
very  small,  alleviating  mechanical  bearing  problems,  and  allowing  rapl 


beam  scan.  This  approach  can  furthermore  be  extended  to  higher 
frequencies,  where  rotary  joint  problems  are  even  more  objectionable. 

Both  linear  and  circular  polarizations  are  possible.  If 
a  linearly  polarized  horn  Is  used  (as  In  the  experimental  model), 
the  polarization  vector  will  rotate  one  degree  for  each  degree  of 
azimuth  rotation  as  Illustrated  In  Figure  2;  this  makes  It  Ideally 
suitable  for  communication  with  either  a  LH  or  RH  circularly 
polarized  antenna.  If  a  circular  polarized  horn  Is  used,  a  CP 
secondary  beam  results. 

The  reflector  Is  Inexpensive  to  fabricate  since  It  is 
contoured  in  one  plane  only.  A  flat- top,  sharp  corner,  beam  was 
generated  in  elevation,  avoiding  the  usual  gain  reduction  off  the 
beam  peak. 

THEORY  AND  COMPUTATIONS 

The  beam  shaping  theory  used  Is  based  on  optics,  Ref(l). 

It  is  strictly  applicable  to  the  two  dimensional  case,  l.e.,  a  line 
source  and  a  cylindrical  reflector.  However,  since  the  beam  was  to 
be  shaped  in  one  plane  only  and  since  the  size  of  the  feed  horn  aperture 
is  of  the  same  order  of  magnitude  as  the  reflector  size.  It  was 
assumed  that  the  two  dimensional  theory  wou'd  be  applicable.  As 
will  be  seen,,  this  assumption  was  justified  .y  the  results  obtained. 

A  brief  exposition  of  the  method  follows.  Referring  to 
Figure  3a,  the  reflector  Is  defined  by  p  and  V  from  4^  to  f ^  »  the  t,orn 

subtended  angle.  The  radiated  beam  Is  defined  over  the  angle  6-j  to  62* 


♦ 
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From  Figure  3b  It  can  be  seen  that 


>  -*»  T 


where  «  is  the  Included  angle  between  the  Incident  and  reflected 
rays.  Since  from  Figure  3a. 


by  integrating 


To  perform  this  integration,  a  relationship  between  6  and  ¥  is  needed. 
Since  the  energy  Incident  on  the  reflector  from  F-|  to  ¥2  equal  to 
the  energy  reflected  from  to  e2,  a  normalizing  factor  K  is  found 
from. 


where  I(¥)  is  the  feed  pattern  and  P(e)  is  the  desired  secondary 
pattern.  Then: 


9  f  P(0)  de 

0f 


I(¥)  d¥ 


yields  the  relation  necessary  for  the  integration  of  (1) 

For  our  design,  the  parabolic  approximation  was  used  for 
the  feed  horn  pattern.  Ref  (2).  The  desired  beam  pattern  was  defined 
as  shown  in  Figure  4. 


This  procedure  was  coded  for  and  the  com.jtations  were 
carried  out  on  a  Hewlett  Packard  9825A  desk-top  computer. 

DESIGN  AND  RESULTS 

The  bulk  of  the  design  and  testing  was  done  at  16GHz  for 
measurement  convenience  and  to  avoid  tolerance  problems. 

The  horn  was  designed  using  the  standard  formulas  given  in  Ref.  3: 

Its  aperture  dimensions  are  6.92X  by  4.85X  with  an  aperture  to 
waveguide  junction  length  of  21. 5x.  The  patterns  are  shown  In  Figures 
5  and  6. 

The  dimensions  of  the  first  assembly  built  are  shown  in 
Figure  7.  The  shaping  reflector  was  sized  to  subtend  the  20dB  points 
of  the  beam. 

The  patterns  obtained  are  shown  In  Figures  8  and  9.  The 
variations  from  the  expected  flat-top  were  attributed  to  the  relatively 
small  horn  to  reflector  spacing:  l.e.,  the  horn  did  not  resemble  a 
line  source.  Accordingly  a  new  model  was  computed  and  built  with 
Increased  feed  horn  to  reflector  distance  (Fig.  10).  The  reflector 
subtended  the  lOdB  beam  points.  The  measured  patterns  are  given 
In  Figures  11,  12,  13. 

A  95GHz  model  was  constructed  and  is  shown  in  Figure  14. 
Measured  patterns  are  given  in  Figures  15,  16,  17,  18.  The  measured 
peak  gain  was  17dB. 

A  calculation  was  performed  to  see  if  any  improvement  in 
system  performance  resulted  from  the  flat  top  design.  By  graphical 
integration,  the  ratio  of  the  power  1r  the  desired  angular  region 


(130*)  to  the  power  In  the  ±90°  region  was  found.  The  same  procedure 
Mas  followed  for  a  60*  HPBW  horn  pattern.  The  ratio  of  the  two 
ratios  was  1.2  or  .7dB. 

CONCLUSIONS 

i 

The  design  exceeded  the  system  gain  requirements,  minimized 
mechanical  bearing  requirements,  and  has  very  high  reliability  and 
low  cost  compared  to  a  design  employing  a* rotating  horn  and  a  rotary 
joint. 
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Figure  1.  Design  Concepts 


Figure  2.  Polarization  Change  with  Reflector  Rotation 


403 


RELATtVE  TOWER  ONE  WAY  Nkl 


Figure  7.  Dimensions  -First  Model 


Figure  8.  Elevation  Pattern  Azimuth  Polarization 
16  GHz 
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Figure  10.  Dimensions  Final  Model 
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The  design  and  optimization  of  a  large  conformal  array^aperture 
is  presented.  The  array  lattice  Is  designed  and  optimized  by  using 
a  computer  program  to  meet  the  gain  and  $1  delobe  retirements  with  a 
minimum  number  of  antenna  elements.  The  antenr.o  is  low  loss, 
lightweight  and  low  profile  which  are  desirable  for  airborne  and 
ground  mobile  applications. 

The  trade-offs  and  selection  of  a  lightweight  antenna  substrate 
with  low  loss  and  desired  RF  characteristics  are  given.  The  array 
fabrication  and  Integration  techniques  are  discussed./  Experimental 
data  of  a  breadboard  array  13  shown. 

1.  INTRODUCTION 


There  is  a  need  to  design  a  low  loss  and  lightweight  conformal 
array  aperture  for  high  gain  airborne  and  ground  mobile 
applications.  The  objective  Is  %o  minimize  the  array  aperture  loss 
such  that  the  gain  of  the  antenna  can  be  maximized  fpr  a  given 
aperture,  or  the  size  and  weight  of  the  antenna  can  be  minimized  for 
a  given  gain  requirement. 
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Techniques  have  been  developed  to  minimi ze  the  antenna  aperture 
loss  by  the  design  of  a  low  loss,  lightweight  microstrip  element  and 
honeycomb  substrate,  and  by  the  optimization  of  array  grids  and 
fabrication  methods.  Design  and  fabrication  procedures  were 
demonstrated  for  breadboard  elements  and  for  a  121  element  passive 
array  at  S-Band.  The  measured  active  ekment  patterns  indicate  a 
significantly  alder  beamwldth  compared  to  the  Isolated  ones,  due  to 
mutual  coupling  effects.  The  technique  of  designing  a  low  loss  and 
lightweight  array  aperture,  1 1 1 ustrcted  In  the  following.  Is 
primarily  for  an  S-Band  airborne  application.  Nevertheless,  It  Is 
applicable  to  frequencies  other  than  S-Band,  and  Is  compatible  for 
ground  mobile  terminal  operations. 

2.  DESIGN  CONSIDERATIONS 

The  design  considerations  for  a  low  loss  and  lightweight 
conformal  array  aperture  are  based  on  the  electrical  ar.d  mechanical 
requirements  of  a  particular  application.  Primary  electrical 
requirements  include  gain,  sldelobes,  scanning  wlume,  and 
polarization.  The  antenna  gain  designates  the  basic  aperture  size 
needed.  The  required  scanning  angles  Impact  this  aperture  size 
significantly  due  to  physical  loss  of  the  aperture  at  extreme 
scanning  conditions.  The  si  delobes.  In  many  cases,  can  only  be  met 
through  the  umplltuae  tapering  of  the  aperture,  resulting  in  the 
loss  of  aperture  efficiency.  The  polarization  requirement  specifies 
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the  maximum  allowable  lots  In  polarization  efficiency.  The  key 
design  consideration  Is  to  Meet  these  requirements  with  *.  (nun 
overall  aperture  loss  such  that  the  array  size  and  weight  can  be 
reduced. 

For  airborne  or  ground  Mobile  applications,  the  Main  Mechanical 
requirement  Is  to  design  the  array  to  be  compatible  with  the 
operational  environments.  The  Most  severe  considerations  of  reduced 
size,  low  profile,  and  light  weight  are  for  airborne  applications 
due  to  the  need  of  flight-qualified  construction  to  combat  the 
aerodynamic  drag.  Other  Mechanical  considerations  Include 
vibration,  temperature,  pressure,  host  vehicle  structure  expansion, 
rain  and  hall  Impact,  lightning,  nuclear  hardening,  ENT/EMI, 
reliability,  and  Maintainability.  The  mechanical  engineering  of 
material  selection,  fabrication  techniques,  and  layout  and 
construction  methods  plays  an  Important  role  In  the  array  design  in 
meeting  these  operational  requirements. 

3.  ANTENNA  APERTURE  DESIGN 

The  first  step  In  applying  the  low  loss  and  lightweight 
techniques  is  to  design  an  effective  antenna  element  consisting  of 
radiation  aperture,  substrate,  feed,  and  bonding  skins.  For  an 
S-Band  (2.2  -  2.3  GHz)  receive  antenna  application,  circular 
microstrip  patch  was  selected  as  the  lightweight  radiation  element 
due  to  its  small  size  and  known  performance  characteristics.  A 


variety  of  materials  including  cuflon,  durold,  and  honchoed)  with 
different  bonding  skins  has  been  used  as  substrates  of  the 
microstrip  element.  Fabrication  techniques  were  Investigated. 

Table  1  shows  the  performance  characteristics  of  the  elements  In 
terms  of  loss  tangent,  efficiency,  bandwidth,  axial  ratio  at  60 
degrees  of  the  Isolated  pattern,  and  weight.  As  Is  shown,  all  the 
elements  exhibit  satisfactory  electrical  properties.  The  cuflon  and 
durold  designs  are  not  acceptable  mainly  due  to  their  weight 
performance.  The  honeycomb/G10  element  weighs  less  than  0.3  pounds 
per  square  foot. 

In  the  process  of  searching  for  superior  substrate  materials,  a 
new  lightweight,  low  loss  core  material  was  found  to  be  an  excellent 
candidate  for  the  microstrip  substrate.  The  honeycomb  consists  of  a 
ur'form  lattice  of  circular  cells  extruded  from  a  polycarbonate 
thermoplastic  resin.  This  lightweight  honeycomb  provides  promising 
RF  properties  due  to  its  uniform  cell  structure  which  is  different 
from  hexagonal  honeycomb  structure.  It  also  has  a  lower  loss 
tangent. 

The  low  loss  honeycomb  Is  also  an  excellent  radome  material  for 
high  speed  aircraft  applications.  It  can  provide  substantial 
Improvement  In  rain  Impact  resistance  without  sacrificing  electrical 
performance  for  multilayer  construction.  An  electrically  thin 
sandwich  radome  using  this  low  loss  honeycomb  core  structured  for  an 
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S-Band  application  Is  Illustrated  In  Figure  1*  At  an  1 nci dance 
angle  of  60  degrees  and  the  Incowing  wave  perpendicularly  polarized 
to  the  plane  of  Incidence,  the  radon*  loss  was  calculated  to  be  much 
less  than  0.1  dB. 

4.  ARRAY  LATTICE  OPTIMIZATION 

The  array  grid  of  a  conformal  array  can  be  optimized 
considering  the  grating  lobes,  si  delobes,  scanning  performance,  and 
minimum  number  of  elements  required.  The  optimized  array  grid  Is 
obtained  by  the  computation  of  a  variety  of  array  grids  and  scan 
conditions  using  a  conformal  array  computer  program.  The  computer 
program  Is  capable  of  calculating  the  array  pattern  of  a  cylindrical 
array  with  the  coordinate  system  as  shown  1r  Figure  2.  The  process 
is  to  find  the  optimum  spaclngs  In  the  pitch  and  roll  planes. 

For  an  S-Band  array,  the  array  grid  was  optimized  for  the 
requirements  of  28  dB  gain,  60  degree  scanning  cone,  and  -15  dB 
sldelobe.  The  array  was  mounted  on  a  747  type  of  aircraft  fuselage 
with  radius  equal  to  128  Inches,  The  optimum  lattice  was  found  to 
be  a  triangular  grid  with  a  7.9  cm  (0.61  XQ)  pitch  spacing  and  a 
6.35  cm  (0.49a  q)  roll  spacing.  Based  on  this  grid.  Figure  3 
shows  the  calculated  patterns  for  the  array  scanning  at  60  degrees 
In  roll,  pitch,  and  Intercardinal  planes.  Patterns  shown  Indicate 
worst  si  delobes  and  grating  lobes,  but  still  meet  the  array 
requirement.  A  4-blt  phase  shifter  and  an  element  pattern  with 
cosine  on  pedestal 
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taper  were  used  for  the  computation.  Calculated  scan  loss, 
corporeality  loss  (at  60  degrees),  taper  loss,  and  quantitation  loss 
are  3.15  dB,  0.22  <0,  0.25  dB,  and  0.0S  dB,  respectively.  These 
calculated  results  represent  realistic  losses  for  an  airborne 
conformal  array. 

5.  ACTIVE  ELEMENT  PATTERNS 

Actl ve  element  patterns  of  a  large  array  reflect  the  mutual 
coupling  effects  on  the  Individual  elements,  and  provide  Insights  of 
the  array  scanning  performance.  A  121  element  (11  x  11)  passive 
microstrip  array  using  the  optimized  array  grid  given  In  Section  4 
was  designed,  fabricated,  and  tested.  The  structure  of  the 
lightweight  microstrip  element  Is  Illustrated  In  Figure  4.  The 
dimensions  of  the  array  and  ground  plane  are  given  In  Figure  5. 
Effective  fabrication  process  with  tight  tolerance  control  was  used 
In  the  fabrication  of  the  array. 

The  linearly  polarized  active  element  patterns  for  the  center 
element  of  the  array  are  shown  In  Figure  5.  The  gain  of  the  active 
element  measured  using  a  standard  gain  horn  Is  also  shown  in 
Figure  6(a).  The  patterns  due  to  mutual  coupling  effects  indicate 
an  almost  Idea!  pattern  for  a  wide  angle  scanning  array  with  2  dB 
•oss  at  boreslght  and  only  a  3  dB  scan  loss  at  60  degrees.  Both  the 
E  and  H  plane  patterns  are  matched  at  wide  scan  angles.  Circularly 
polarized  (CP)  active  element  patterns,  shown  In  Figure  7,  were 
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calculated  using  measured  spinning  linear  patterns.  The  CP  patterns 
are  near  ideal  pattern  of  a  cosine  element  for  scanning  out  at  60 
degrees,  and  Indicate  less  than  4  dB  axial  ratio  throughout  the 
scanning  region. 

6.  SUMMARY  AND  CONCLUSION 

The  design  of  a  low  loss  and  lightweight  conformal  array 
aperture  was  accomplished  through  the  selection  of  antenna  element, 
substrate  and  radome;  the  optimization  of  the  array  aperture 
lattice;  and  the  use  of  an  effective  fabrication  process.  The 
fabrication  process  and  mechanical  structure  used  are  compatible 
with  the  operational  environments  of  airborne  and  ground  mobile 
applications.  The  designed  S-Band  low  loss  microstrip  antenna 
element  with  honeycomb  substrate  weighs  less  than  0.3  pounds  per 
square  foot.  The  array  lattice  was  optimized  using  a  conformal 
array  computer  program.  The  scan  loss,  conformality  loss,  taper 
loss,  and  quantization  loss  were  calculated.  The  measured  active 
element  patterns  of  a  121  element  passive  element  indicate  a  mutual 
coupling  affected  element  with  gain  performance  near  the  Ideal 
pattern  of  a  cosine  element. 
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Figure  4.0  Lightweight  Microstrip  Element 


Figure  6.  Measured  Active  Element  Patterns  (Linear) 
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ABSTRACT 

Requi rements  for  an  S-Band  Conformal  Array  Antenna  are 
presented.  The  high  gain  antenna  Is  designed  to  receive  from  a 
satellite  at  scan  angles  as  large  as  60  degrees. 

Development  status  of  low  loss  printed  circuit  techniques  In 
the  areas  of  array  aperture,  phase  shifter,  transmission  line, 
combi ner,  and  array  controller  Is  discussed.  Loss  budget  Is 

calculated.  Planned  study  tasks  are  presented,  _ 

1.  INTRODUCTION  ^ 

There  Is  a  need  to  design  high  gal?  aircraft  phased  array 
antennas  to  receive  low  power  signals  from  a  satellite  at  scan 
angles  as  large  as  60  degrees,  which  at  S-Band  makes  the  phased 
arrays  become  physically  large.  The  problem  Is  complicated  by  the 
conformality  requirement  of  the  array  designs  to  be  compatible  with 
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an  lire rtft  In  the  considerations  of  aerodynamic  performance, 

Might  and  airframe  modifications.  Study  efforts  have  boon  conducted 
to  educe  the  size  and  weight  of  the  conformal  arrays  through  the 
development  of  low  loss  printed  circuit  techniques,  and  by  the 
Investigation  of  Incorporating  RF  amplification  at  the  element  level. 
Hie  objectives  are  to  design  low  loss  and  lightweight  S-Band 
conformal  arrays  at  an  affordable  cost. 

The  study  of  loss  circuit  techniques  has  been  performed  In 
the  areas  of  antenna  elements,  array  aperture  and  array  electronics. 

A  separate  paper  discusses  the  antenna  aperture  designs  In  detail; 
this  paper  defines  the  requl rements,  summarizes  the  development 
status  In  each  area,  and  presents  the  study  plan. 

2.  ANTENNA  SPECIFICATION  AND  DESIGN  CONSIDERATIONS 


A  summary  of  the  antenna  specifications  Is  given  In  Table  1. 


.  Table  1. 

Receive  Antenna  Specifications 

Frequency; 

2.2  to  2.3  GHz  (6  MHz  Instantaneous) 

Polarization; 

Circular 

Scanning; 

Electronic,  ±60*  In  azimuth  and  elevation 

Gain: 

32  dB 

SI  delobe: 

-2  -15  dB 

VSWR: 

2:1 

Physical  Requi rements : 

-  Located  conformally  at  fuselage 

-  Maximum  thickness  of  4"  and  goal  of  2“ 
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The  purpose  of  the  study  effort  Is  to  Investigate  errey  design 
techniques  such  thet  the  antenna  specifications  can  be  Met  and  the 
array  size  and  weight  can  be  optimized. 

It  Is  obvious*  In  the  concern  of  antenna  directivity  and  arr^y 
loss*  that  a  large  aperture  area  Is  required  In  order  to  meet  the  32 
dB  gain  requirement  at  S-Band.  The  key  of  the  design  considerations 
Is  to  minimize  the  array  losses  such  that  the  array  area  can  be 
substantially  reduced.  The  antenna  specifications  which  closely 
impact  the  array  losses  Include  the  60  degree  scanning  and  -15  dB 
sldelobes.  The  array  scanning  generates  losses  which  are  due  to  the 
loss  of  array  aperture  and  are  caused  by  array  mismatching  associated 
with  the  scanning  and  aircraft  environment  operation.  The  scan  loss 
contributes  significantly  to  the  total  antenna  loss.  The  -15  dB 
sldelobe  requirement  cannot  easily  be  net  due  to  the  cylindrical 
ground  plane  of  the  conformal  array.  However*  the  desired  sldelobe 
can  be  obtained  by  the  use  of  amplitude  tapering  of  the  aperture  and 
at  the  cost  of  an  Increased  array  loss.  The  conformality  requirement 
of  the  array  and  the  aircraft  environment  operation  further 
complicates  the  size  and  weight  considerations  of  the  antenna  design. 

The  antenna  losses  can  be  optimized,  and  its  size  and  weight 
reduced  by  considering: 

1.  array  aperture  design  optimization  to  Increase  the 
efficiency  of  the  antenna; 


2.  low  loss  printed  circuit  techniques  to  reduce  the  losses  of 
the  components;  end/or 

3.  RF  amplification  at  or  near  element  level. 

The  aperture  design  optimization  can  be  achieved  by  the  selection 
and  design  of  element  pattern  and  array  grid,  and  by  minimizing  the 
scanning  mismatching  using  array  matching  techniques.  The  use  of 
low  loss  printed  circuit  techniques  reduces  the  losses  of  antenna 
elements,  transmission  lines,  phase  shifters,  and  array  combiner, 
and  facilitates  the  RF  amplification  at  subarray  level.  The 
employment  of  RF  amplification  at  element  level  provides  the 
definite  advantages  of  the  ultimate  G/T  performance  of  the  array, 
and  offers  the  potential  for  the  reduced  size  ar.d  weight.  The 
method  of  amplification  at  the  subarray  uses  *ewer  aa^llflers.  The 
t  ade-off  of  the  amplification  approaches  not  only  relies  upon  the 
overall  array  size,  weight,  and  electrical  performance,  but  also 
depends  on  cost  and  reliability  for  practical  applications. 

3.  ARRAY  DEVELOPMENT  STATUS 

Development  efforts  have  been  performed  In  the  areas  of  array 
aperture,  low  loss  array  electronics,  and  array  controller.  The 
progress  made  Is  summarized  In  the  following  subsections. 

3,1  Array  Aperture  -  An  array  lattice  study  using  a  conformal 
array  computer  program  was  performed  to  derive  an  optimum  array  grid 


In  which  the  Minimal  number  of  elements  Is  required  to  meet  the 
gratify  lobe,  sldelobe,  end  other  array  performance.  Based  on  the 
optimized  array  grid,  array  scan  loss,  comformaltty  loss,  t>per 
loss,  and  quantization  loss  were  calculated. 

Lightweight  Microstrip  antenna  elements  using  a  variety  of 
skin  and  substrates  were  designed  to  minimize  the  aperture  weight 
and  loss,  and  to  optimize  the  RF  performance.  Element  fabrication 
and  bonding  techniques  were  Investigated  to  ensure  the  repeatability 
of  the  aperture  fabrication. 

3.2  Array  Electronics  -  Studies  were  performed  to  the  designs 
of  low  loss  transmission  lines,  phase  shifter,  and  combiner. 
Trade-offs  were  made  In  the  selection  of  pin  diode  vs.  varactor 
phase  shifters.  Computer  programs  such  as  SUPERCOMPACT  and  SLICE 
were  used  to  calculate  and  analyze  the  theoretical  and  realistic 
losses  of  array  electronic  circuits  for  different  strlpllne 
techniques  and  at  a  \mr1ety  of  package  configurations.  Breadboard 
phase  shifter  bits  have  been  fabricated  and  tested  In  specially 
designed  test  fixtures  for  Insertion  loss  and  return  loss 
measureetents. 

For  a  4-blt  pin  diode  phase  shifter,  the  use  of  tne  loaded 
line  approach  for  22.5*  and  45*  bits  and  the  hybrid  coupled  approach 
for  90*  and  180*  bits,  offers  the  optlnuR  low  loss  configuration.  A 
varactor  diode  phase  shifter.  In  comparison  to  an  equivalent  4-bit 


pin  diode  phase  shifter,  offers  the  advantages  of  using  a  smaller 
number  of  diodes,  requiring  much  less  power,  and  having  small  size 
and  less  weight.  Its  main  design  difficulty  lies  In  the 
effectiveness  for  reverse  bias  voltage  control  and  temperature 
compensation. 

Computer  simulation  was  performed  on  various  4-blt  phase 
shifter  configurations  using  three  types  of  strlpllnes.  Including 
suspended  air  substrate  strlpllne,  soli;*  dielectric  stripllne,  and 
covered  microstrip.  The  configurations  of  suspended  substrate  offer 
the  lowest  losses  and  weight,  but  have  the  largest  volume. 

Breadboard  phase  shifters  Including  the  varactor  diode  phase  shifter 
and  180°  pin  diode  bit  have  been  fabricated  and  tested  using 
specially  designed  test  fixtures.  Figure  1  shows  a  typical  test 
fixture  and  branch  line  sections. 

3.3  Array  Controller  -  In  the  study  of  the  array  controller, 
the  beam  pointing  controller  architecture  was  designed,  the  Interface 
circuit  and  hardware  selection  criterion  was  defined,  and  performance 
was  estimated.  The  basic  controller  approach  for  the  S-Band 
conformal  array  Is  to  use  a  digital  distributed  processor  In  which 
one  controller  serves  one  subarray.  Each  subarray  controller 
Includes  the  Beam  Electronics  Module  (BEM)  for  phase  shifter 
calculation,  Interface  circuit  for  receiving  pointing  command,  data 
memory  for  storing  element  parameters  such  as  element  location  and 


path  length  correction,  and  phase  shifter  select  logic  for  directing 
output.  The  block  diagram  of  the  controller  Is  shown  In  Figure  2. 
Directional  cosines  of  the  satellite  are  supplied  to  the  controller 
by  the  Mission  Data  Processor  (MDP)  as  the  beam  pointing  commands. 

3.4  Loss  of  the  Array  -  A  loss  budget  estimate  for  a  16-element 
subarray  with  RF  amplification  at  subarray  level  Is  given  In  Table 

2.  Most  of  the  loss  details  were  calculated  using  study  results  in 
the  areas  of  array  aperture  optimization  and  low  loss  components  and 
circuits.  A  conformal  array  configuration  consisting  of  123 
subarrays  with  16  elements  per  subarray,  is  given  In  Figure  3. 

4.  PLANNED  ARRAY  DEVELOPMENT  AND  STUDY 

A  continued  development  effort  Is  on-going  In  the  study  of  low 
loss  circuit  techniques  for  S-Band  conformal  array.  Planned 
activities  Include: 

1.  4-bit  shifter  testing  and  analysis; 

2.  custom-made  LNA  study  for  element  and  subarray 
amplification; 

3.  trade-off  of  element  amplification  vs.  subarray 
amplification; 

4.  design,  fabrication,  and  test  of  a  subarray;  and 

5.  size,  weight  and  cost  estimate  of  10  complete  antenna 
systems. 


Table  2.  Loss  Budget  Estimate 

(Subarray  Amplification) 

Loss  (dB) 

Loss  Due  to  VSWR  (2:1) 

0.5  * 

5%  Element  Failure  Dissipative 

0.22 

Phase  Shifter  Insertion  Loss 

0.9* 

Combining  Network  Losses: 

-  Dissipative 

0.05* 

-  Reacti ve 

0.20 

Phase  Quantization  Loss  (4-B1t) 

0.05 

Loss  Due  to  Random  Errors 

0.05 

Array  Element  and  Hybrid  Losses 

0.26* 

Depolarization  or  Axial  Ratio  Loss 

0.22* 

Loss  Due  to  Amplitude  or  Phase  Tapering 
for  SI  delobe  Control 

0.25 

Conformality  Loss 

0.22 

Scanning  Loss  (60°) 

3.15 

Radome  Loss 

0.1 

Beam  Pointing  Losses  (.26  BW  at  60s) 

0.05** 

Total  Losses 

6.22 

♦Further  verification  in  progress 
**.63  dB  at  Boresight 

5.  SUMMARY 

A  study  has  been  performed  to  Investigate  low  loss  array 
techniques  for  the  design  of  a  high  gain  conformal  phased  array. 
Progress  was  reported  In  the  areas  of  array  grid  optimization, 
designs  of  low  loss  antenna  element  and  array  electronics,  and  array 
controller.  Simulation  and  measured  results  have  been  performed  for 
the  4-blt  lightweight  phase  shifter.  Array  controller  architecture 
was  configured.  Based  on  the  study  results  to  date,  the  total  array 
loss  was  estimated. 

Planned  activities  Include  trade-off  of  element  amplification 
and  subarray  amplification;  subarray  fabrication  and  test;  and  size, 
weight,  and  cost  estimates  of  complete  systems. 
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f  ABSTRACT 

! 

Cavity-backed  flush  mounted  annular  slot  antennas  can  be 
employed  in  place  of  the  conventionally  used  blade  antennas  for 
UHF  communication  applications.  The  slot  antennas  are  large  in 
size,  fabricated  from  metal,  and  the  slot  installation  weighs 
more  than  s  i.ade  antenna  installation.  Previously,  Kraus  pro¬ 
posed  that  a  flat  metal  disc  can  be  simulated  with  four  quarter- 
wave  long  metal  wires  intersecting  at  right  angles  to  each  other 
at  the  center.  However,  no  further  data  or  investigations  are 
available  in  the  li^rature.  In  this  study,  an  attempt  is  made  to 
simulate  the  whois  antenna  (disc  and  cavity)  with  grids  of  metal 
wires  etched  on  a  fiberglass  mold  of  the  antenna.  The  antenna  was 
tuned  for  a  VSWR  of  from  225-400  MHz,  and  the  antenna  gain  and 
radiation  patterns  were  recorded  at  225,  330,  and  400  MHz  frequencies. 
A  comparison  of  the  data  with  the  baseline  antenna  performance  data  j 
show  that  this  concept  offers  hope  for  future  light  weight  wire 
grid  antenna  designs  for  UHF  communication  applications. 
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COMPENDIUM 


An  all  met«l  cavity  backed  flush  mounted  UHF 
(225-400  MHz)  annular  slot  antenna  (baseline)  is 
simulated  with  grids  of  metal  wires  (#12)  glued  on  a 
fiberglass  mold  of  the  antenna.  The  number  of  wires 
and  grid  dimensions  are  optimized  and  the  antenna  ia 
tuned  for  a  VSWR  of  2:1  over  the  whole  band.  The 
antenna  gain  and  radiation  patterns  were  recorded  at 


225,  300,  and  400  MHz  frequencies;  the  electrical 


performance  (VSWR,  gain,  radiation  pattern  shapes) 
is  in  excellent  agreement  with  the  electrical  perform¬ 
ances  of  an  equivalent  quarter  wave  stub  and  the  base¬ 
line  antenna.  This  antenna  installation  may  offer 
significant  reduction  in  the  antenna  weight  for  UHF 
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communication  application*  aboard  praaant  and  future 
generation  militavy  aircraft. 

INTRODUCTION 

Cavity-backed  fluah  mounted  annular  alot  anten¬ 
nae  (Fig.  1)  preaent  low  aerodynamic  drag  and  thua 
may  be  employed  in  place  of  the  conventionally  used 
blade  antennas  for  UHF  communication  applications 
aboard  military  aircraft.  However,  the  alot  anten¬ 
nas  are  large  in  site,  fabricated  from  metal,  and 
the  slot  installation  weighs  significantly  more 
than  the  blade  installation.  Metal  plates  may  be 
simulated  by  wire  grids  and  the  overall  weight  of 
the  slot  antenna  may  therefore  be  reduced.  Here  an 
attempt  is  made  to  develop  the  whole  antenna  (disc 
and  cavity)  from  grids  of  metal  wires  glued  on  a 
fiberglass  mold  of  the  baseline  antenna.  The  grid 
dimensions  and  the  number  of  wires  required  are 
optimised  to  achieve  electrical  performance  similar 
to  that  of  the  baseline  antenna. 
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Figure  1  Cavity- Backed  Annular  Slot  Antenna 

THEORY 

A  flush  mounted  cavity-backed  annular  slot  anten¬ 
na  is  a  modified  version  of  a  top  loaded  quarter-wave 
stub  antenna  installed  on  a  perfectly  conducting  in¬ 
finite  ground  plane.  Radiation  characteristics  of 
both  these  antennas  are  similar.  Analytically,  the 
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radiation  pat tarn*  of  a  slot  antanna  inatallad  in  an 
infinita  ground  plana  (Fig.  2)  hava  baan  pradictad 
by  applying  tha  principla  of  duality. 

I 

#•« 


Figure  2  Inatallad  Slot  Antanna 


By  assuming  tha  dominant  TEM  moda  propagation 


only,  ona  may  write  an  axprassion  for  tha  far  fiald 
electric  fiald  as  follows: 


(r,  e) 


Va  exn(-lkr) .  Joflca  oo«  ev,  -  Jo  (kb  ooa  a) 
r  ln(b/a)  co*  a 


(1) 


vhsre, 


Jo  -  Zato  ordar  Bessel  fimction 
Va  -  Voltage  across  the  slot 
r  •  Far  field  distance 
a  *  Inner  slot  radius 
b  •  Outer  slot  radius 
k  ■ 

X  -  Wavelength 


However  for  the  baseline  slot  antenna,  where  a 
-  9"tb  «12"  and  the  frequency  range  is  from  225  to 
400  MHz,  one  can  simplify  Eq.  (1)  due  to  a  small  argu¬ 
ment  of  Bessel  functions  and  rewrite  it  as  follows: 

V'-  •>  -  ivsW-  <>2  -  *2>  ~  •  <2> 

Equation  (1)  was  programmed  on  a  computer  to  pre¬ 


dict  the  radiation  patterns  (Fig.  3)  of  the  slot  anten¬ 
na.  These  data  were  used  as  a  guideline  to  optimize 
the  design  of  the  wire  grid  antenna. 
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(GAIN  IN  dB) 

Figure  3  Predicted  Radiation  Patterns  of  a  UHF  Ant anna 

WIRE  GRID  DESIGN 

Tha  main  objactiva  of  this  task  was  to  slmulata 
tha  matal  disc  and  cavity  with  a  minimum  number  of 
wiras  required  to  produca  a  TEM  dominant  propagating 
moda  and  tharaby  generate  radiation  pattam  and  gain 
lavals  equivalent  to  tha  basalina  ant anna  or  a  quart ax 
wava  stub  antanna.  In  order  to  accomplish  this,  first 
a  fibarglass  mold  of  the  basalina  antanna  was  fabrics* 

n 

tad  and  then  four  metal  wires  intersecting  at  rigkt  1 
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angles  to  each  other  at  the  canter  of  the  disc  were 
glued  on  the  fiberglass  disc  and  terminated  at  a 
metal  ring  going  around  the  periphery  of  the  disc. 

This  was  done  to  simulate  the  metal  center  disc  of 
the  baseline  antenna.  Similarly,  the  metal  cavity 
was  simulated  by  gluing  four  metal  wires  on  the  inner 
side  of  the  fiberglass  cavity.  The  disc  wires  were 
fed  by  the  center  conductor  of  the  coax  and  the  outer 
conductor  of  the  coax  was  terminated  at  the  center  of 

the  cavity  wires  (Fig.  4).  This  design  did  not  Produce 
any  constructive  results. 

MTAL 
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Figure  4  Initial  Design  of  Wire  Grid  Antenna 


Four  more  wires  were  added  such  that  there  was  a 
wire  at  every  45°  angle  on  the  disc  and  in  the  cavity. 
The  antenna  seemed  to  be  acceptably  tuned  at  the  aid 
and  high  bands;  however,  the  VSWR  did  not  look  very 
favorable  at  the  low  band.  It  was  also  realized  that 
adding  more  wires  did  not  change  the  VSWR  pattern  any 
further.  By  putting  a  2'  x  2*  piece  of  AN-75  RAM 
behind  the  antenna  (to  absorb  back  radiation) ,  the 
antenna  seemed  to  be  tuned  over  90  percent  of  the  band. 
A  VSWR  plot  of  this  version  is  shown  in  Fig.  5.  Also, 
radiation  patterns  of  this  antenna  were  recorded  at 
260,  330,  and  400  MHz  frequencies  (Fig.  6)  by  in¬ 
stalling  the  antenna  in  an  8’  hexagonal  ground  plane. 
The  coordinate  system  used  is  shown  in  Figure  2. 


As  can  be  seen  from  these  plots,  there  is  still  a 
significant  amount  of  radiation  in  the  aft  direction 
and  to  the  sides.  Also,  the  antenna  gam  is  very  low. 

The  antenna  was  further  optimized  with  eight  more 
radial  wires  making  a  total  of  sixteen  evenly  spaced 
conductors.  Also,  two  rings  were  added  to  the  cavity 
at  5M  and  9"  from  the  center  conductor.  The  VSWR  was 
not  significantly  changed;  however,  this  configuration 
still  had  significant  back  radiation. 

After  observing  that  the  main  part  of  the  back 
radiation  was  coming  out  of  the  cone  area,  two  more 
rings  were  added  to  the  antenna  2%"  and  7%"  from  the 
center  conductor.  This  configuration  still  had  a  good 
radiation  pattern  at  the  low  end  of  the  band  (225  MHz) 
The  radiation  pattern  at  300  MHz  was  very  poor  with 
rear  lobes  7  dB  down  from  the  front  main  lobes  and 
nulls  very  close  to  the  horizon.  This  implied  that 
radiation  was  still  coming  out  of  the  rear  of  the  an¬ 
tenna.  This  fact  was  verified  using  the  VSWR  test 
set-up. 
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Two  rings  won  added  to  ths  outer  wall  of  tha  an- 
tanna.  In  addition  sixteen  nor  a  radial  wiraa  wara 
addad.  That  a  conductors  ran  only  from  tha  7%"  ring 
to  the  outer  adga  of  tha  cavity.  This  was  dona  be¬ 
cause  tha  antanna  had  a  circular  wire  approximately 
a  vary  2%"  from  tha  center.  A  graphical  sketch  of  tha 
canter  disc  and  tha  cavity  representing  this  version 
of  tha  antanna  la  shown  in  Figure  7,  and  a  photograph 

L 

of  the  antenna  is  shown  in  Figure  8. 


Figure  7  Graphical  Sketch  of  Optimized 

Wire  Grid  Antanna 


Figure  8  Optimized  Wire  Grid  Antenna 

A  VSWR  plot  of  the  antenna  is  shown  in  Figure  9 
and  the  radiation  patterns  recorded  at  225,  260,  300, 
330.  and  400  MHz  frequencies  are  shown  in  Figure  10. 
The  coordinate  system  used  is  shown  in  Figure  2. 


dB  (1  dB/DIV) 


225  FUQOBVCY  400 

(MBs) 


Figure  9  VSWR  Plot  of  Optimised  Wire  Grid  Antetme 
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FIGURE  10 


DISCUSSION  or  RESULTS 


In  order  to  determine  the  applicability  of  this 
ant anna  in  tha  raal  world  situation,  radiation  pat¬ 
terns  of  an  aquivalant  quarter  wave  stub  antenna  and 
the  baseline  antenna  were  also  recorded  at  225,  300, 
400  MHz  frequencies.  The  radiation  patterns  of  the 
wire  grid  antenna  were  compared  with  the  •radiation 
patterns  of  the  quarter-wave  stub  antenna  and  the 
baseline  antenna.  Shown  in  Table  1  is  a  cocioarlson 
of  antenna  peak  and  horizon  gains  for  these  antennas . 


Table  1  Comparison  of  Ancanna  Gain* 


ANTENNA 

FREQ 

IN 

MBs 

PEAK 

GAIN 

HORIZON 

GAIN 

k  Wave  Stub 

Baseline 

Wire  Grid 

225 

+  1.5  dB 
+  0.5  dB 
+  1.0  dB 

-  2.0  dB 

-  3.5  dB 

-  3.0  dB 

k  Wave  Stub 

Baeeline 

Wire  Grid 

300 

+  4.5  dB 
+  4.0  dB 
+  4.0  dB 

-  0.5  dB 

-  3.0  dB 

-  6.0  dB 

k  Wave  Stub 
Baseline 

Wire  Grid 

400 

+  3.0  dB 
+  4.5  dB 
+  4.5  dB 

-  2.0  dB 

-  3.0  dB 

-  3.0  dd 

ANALYSIS  OF  RADIATION  PATTERN  DATA 

o  At  225  MHs,  the  ovarall  shape  of  tha  radia¬ 
tion  patterns  of  the  wire  grid  antenna 
compare  well  with  both  the  baseline  UHF 
annular  slot  and  the  %  wave  stub  antennas. 
Gain  levels  are  also  fairly  close  although 
they  are  not  at  the  theoretical  3  to  5  dB 

levels.  This  is  due  to  the  fact  that  the 
antennas  were  installed  in  a  relatively 


finite  9'  ground  plane,  causing  energy  Co 
spread  in  the  back  direction. 

At  300  MHs,  the  peak  gain  of  the  baseline 
and  the  wire  grid  antennas  are  approximately 
equal  and  the  antennas  compare  on  pattern 
shape.  However,  the  horison  gain  is  2  to  5 
dB  lower  for  these  antennas  than  the  k  wave 
stub  antenna.  This  may  he  due  to  the  E 
vector  distribution  in  the  slots  of  the 
baseline  and  wire  grid  antennas  which 
modifies  the  radiation  pattern  shape  dis¬ 
tribution. 

At  400  MHs,  the  peak  and  horizon  gains  of 
the  wire  grid,  the  baseline,  and  the  k 
wave  stub  antennas  correlate  extremely 
well.  However,  the  horizon  gain  of  the 
baseline  and  wire  grid  antennas  is  down  1  dB 
from  the  k  wave  snub  antenna  gain.  This 
difference  in  the  measured  gain  is  well  with¬ 
in  the  margin  of  the  test  accuracy. 
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CONCLUSIONS 


A  wire  grid  design  cavity  becked  UHF  antenna  ie 
simulated  on  a  fiberglass  mold  of  an  ail  metal  cavity  backed 
annular  slot  antenna.  It  is  shown  that  the  electrical  performance 
(VSWR,  gain,  radiation  patterns  shapes)  is  in  excellent  agreement 
with  the  electrical  performances  of  an  equivalent  quarter  wave 
stub  antenna  and  a  baseline  annular  slot  antenna.  The  peak 
gain  of  the  antenna  is  within  ±  1.5  dB  of  the  i  wave  stub  antenna 
and  a  baseline  annular  slot  antenna.  The  antenna  gain  at  the 
horizon  also  compares  well  except  at  300  MHz  where  the  wire  qrid 
seems  to  lose  2-5  dB  gain.  This  loss  may  be  due  to  the  E  vector 
distribution  in  the  slots  of  the  baseline  and  wire  grid  antennas 
which  modifies  the  radiation  pattern  shape  distribution. 
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ABSTRACT 

i  paper  describes  the  down,  fabrication,  and  taat  results  of  a  C- 
Band  Transponder  Antanna.  The  antanna  is  a  tight-weight,  townproffe 
32  Neman!  "microetrip*  wraparound-type  printed  cfeottit  antenna.  The 
unit  la  formed  and  bonded  to  a  balanoad  Ightwefght  1 1  ,5-inch  dtanv 
atar  magnesium  ring.  TNa  paper  fodudw  a  description  of  the  inter¬ 
active  graphics  and  computer-aided  design  (CAO)  photo  ganaration 
techniques  an>l  process  oontroi  for  large  size  (42  inches  long)  IlexMa 
droutt  boards.  Also  described  an  the  design  of  the  antenna  feed  sys¬ 
tem.  pin-diode  transmit-raoaiva  switch  end  receiver  sofcd-atate  elec¬ 
tronics  network  layout  using  an  asymmetrical  strirtine  printed  circuit 
board.  The  uae  of  an  asymmetrical  circuit  system  is  a  novel  approach 
to  reducing  weight  and  preventing  teed  aye  tarn  fmioreaMp*)  rada- 
tion  loasas  wh«e  providing  adequate  antanna  bandwidth.  Finaay,  the 
paper  deecribse  the  reeulie  ol  the  prototype  antanna  testing,^,  x 


1.  INTRODUCTION 

The  primary  purpose  ot  this  paper  is  to  describe  the  Motorola  GEG 
Antanna  Gtgineanng  Wtark  Station  which  la  uaed  to  analyze  and  daaign 
printed  circuit  antennas  and  microwave  networks  The  C-band  tran¬ 
sponder  is  presented  as  an  example  of  the  product  of  the  Motorola 
GEG  Antenna  Engineering  Work  Station. 


3.  ANTENNA  ENGMEERINQ  WORK  STATION 
A  block  diagram  of  the  Antanna  Engineering  used  to 

analyze  and  generate  the  C-band  transponder  printeodrcuH  board  is 
shown  in  Figure  5.1  ha  work  station  dsptay  unit  is  aHfcronius  4081 
intaractive  graphics  terminal.  Than  are  two  basic  media  of  antanna 
work  station  operation.  These  are  the  deeign  anafys^agde  and  the 
CAD-Art  mode.  In  the  design  analysis  mode,  the  MBMunM  can  be 
operated  as  a  terminal  In  a  host  computer  environmjnt  (580  Honey¬ 
well  Engineering  Computer)  or  ea  a  stand  alone  computational  and 
graphics  system.  In  the  CAD-Art  mode,  the  unit  npmim  in  the  host 
computer  environment  only.  ..C^ 

3.1  Design  Analysis  Mode 

In  the  design  analysis  mode,  numerous  antenna  analytical  subrou- 
tinea  are  avatebte  to  ttjm  antanna  engineer.  In  the  design  of  the  C  -band 
transponder  antanna,  a  cytindartcaf  scattaring  analytical  subroutine 
was  ussd  to  optimize  the  antanna  rol  plane  pattern.  Both^itform  and 
progressive  phase  excitations  were  investigated  as  -e«  as  the  effects 
of  a  am**  gap  in  the  circular  array,  which  is  a  space  required  for  the 
totid-atata  transmitter.  The  effects  of  each  parameter  change  in  the 
circular  array  design  on  the  resulting  lar-IMd  radiation  pattern  can  be 
Immediately  viewed  on  the  graphics  terminal.  An  interactive  o>.or 
analysis  can  also  be  performed  to  facilitate  the  selection  of  materials 
and  specify  fabrication  tolerances. 


2.  C-BAND  TRANBNNOER 

The  C-band  transponder  la  a  self-contained  bolt-on  unit  oonsletingot 
thrw  major  afcrwntt.  These  art  a  printed  circuit  board,  a  magnesium 
support  ring  and  a  magneaiur.t  housed  battery  ring.  The  printed  dreuit 
board  conalsta  of  a  32  element  omnidi'sctloraf  "mforoatrip  patch" 
antanna,  an  asymmetrical  strip**  corporate  feed,  ■  pin  diode  trans- 
mlt-racalve  twitch  and  a  aotid-atata  recatvnr.  The  1 1 .5-inch  diamater 
magnesium  ring  supports  the  p.mted  circuit  hoard  and  houaaa  a  solid¬ 
s'*1*  lrsnem>ter  and  the  transponder  processor  carcoita.  An  unplated 
prototype  antenrr  test  unit  la  shown  In  Figure  i .  The  statio  balanced 
weight  of  the  assembled  uri'.  is  28.6  ounces. 

2.1  Transponder  Printed  Circuit  Board  Description 

The  C-band  transponder  etched  printed  droit  board  la  shown  in  Figure 
2.  this  is  the  lower  ground  plane  board  which  contains  all  of  the  R= 
tracks  and  the  32  microstrip  patch  antenna  elements.  The  printed  dr- 
cult  board  material  is  Rogers  Corporation  5880  Durold  with  1  ounce 
of  rolled  copier  The  An. shed  board  dimensions  are  0.060  inch  thick, 
2.0  inches  wide  and  38.S  Inches  In  length.  The  upper  ground  plane  cir¬ 
cuit  board  (not  shown  In  Figure  2)  la  also  5880  Duriod  and  Its  dimen¬ 
sions  are  0.030  Inch  thick,  1 .2  Inches  wide  and  37,2  inches  In  length. 
There  are  no  HF  tracks  on  this  boat  J  The  0.0604nch  ground  plane 
spadng  on  the  lower  ground  plane  was  specified  to  provide  2  5-per¬ 
cent  microstrip  patch  antenna  bandwidth.  The  upper  ground  plane, 
which  covers  only  ths  faed  system  and  the  RF  circuits,  Is  half  the 
thickness  of  tits  lower  ground  plane  and  forms  an  asymmetrical  0.030/ 
0,060-inch  stripHne  transmission  aystam.  This  results  In  a  weight 
reduction  over  a  O.Oeo/O.rwo-Inch  symmetrical  stripline  with  minimal 
loss  in  circuit  performance. 

2.2  C-Band  Antanna  Performance 

The  C-band  antanna  operates  over  a  5  percent  bandwkttf',  with  a  volt¬ 
age  standing  wave  ratio  of  lew  than  2:1.  Coverage  la  required  over 
nearly  an  entire  hemisphere,  the  exceptions  being  a  ±  1 5  degree  con¬ 
ical  section  fore  end  aft  on  the  vehicle  axis.  A  typical  pitch  >ane  pat- 
tam  Is  shown  in  Figure  3.  and  a  typical  roll  plane  pattern  la  shown  in 
Figure  4. 


3.2  CAD-Art  Mode 

The  CAD-Art  design  mode  of  the  Antanna  Engineering  Design  Station 
utilizes  the  Tektronics  4061  Intaractive  graphics  terminal  and  a  com¬ 
plex  CAD-Art  software  program  oparating  on  tf.a  host  Honeywell  580 
computer.  The  CAD-Art  program  provides  the  means  and  the  link 
between  the  engineering  work  station  and  any  ana  ol  thru  CALMA 
CAD- Art  computers.  The  CAD-Art  software  program  permits  the 
buMlng  of  an  artworit  Be  which  contains  a  minimum  ot  program  tires 
or  Instructions  that  In  general  are  proportional  to  tho  number  ot  defin¬ 
able  circuit  elements.  The  artwork  generation  procedure  is  described 
as  fotiowt.  Circuit  elements  are  defined  in  the  CAD-Art  program  sub¬ 
routines  and  are  identified  w  circuit  elements  such  as:  mtaomrip 
patch,  roe  segment,  power  divider,  Langey  coupler,  etc.  Once  the 
number  and  type  of  circuit  elements  are  ktontlfieo  and  defined  in  an 
edited  Be,  the  run  program  can  be  compiled  and  loaded  —  ready  for 
execution. 

The  next  step  Is  to  create  a  data  Be  which  corresponds  one  for  one  to 
tha  subroutine  caai  In  the  main  program.  Only  basic  coordinate  pokits 
and  layer  Information  are  requkid  In  the  data  Be.  Transmission  line 
widths  are  automattpstiy  computed,  lb  Ntiatiy  view  the  artwork.  It  Is 
necessary  only  to  run  the  program.  Dimenskx'al  changes  and  errors 
can  be  corrected  by  using  the  data  Be.  The  major  advantage  of  the 
system  Is  that  It  eliminate?:  the  t?me  consuming  and  ooerty  repeated 
compiling  end  loading  of  the  main  program. 

Once  the  engineer  Is  satisfied  w.th  tire  artwork  dispiayec.  on  the  4081 
graphics  terminal,  he  outputs  the  CALMA  formatted  data  on  a  seven- 
track  tape.  The  CALMA  CAD  Art  system  Is  then  used  to  generate  the 
final  artwork  (either  film  or  glass)  on  one  of  three  Gertwr  photoplotters 
which  vary  in  film  bed  size  from  16  mchw  by  40  Inches  to  20  inches 
by  60  Inches. 
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Figure  5.  Antenna  Engineering  Work  Station 
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1 .  Abstract 


- . A  CV 

Electric  dipoles  which  are  tangent  to  the  outer  surface  of  a  di¬ 
electric  layer  backed  by  a  curved  aetallic  surface  (modeled  by  a  ctr*f 
cular  cylinder)  are  considered.  The  exact  solution  to  this  problematic 
utilised  to  obtain  numerically  the  current  distribution*  input  impedance 
and  radiation  pattern  for  a  thin  rectangular  patch  antenna*  center ^fed 

Wee- 

or  not.  For  very  large  cylinders*  asymptotic  solutions  based  on  ray 
tracing  are  considered. 


2.  Introduction 


In  the  previous  works  [1-4],  the  authors  have  considered  micros trip 
dipoles  on  cylindrical  and  spherical  surfaces.  Exact  solutions  have  been 
obtained  via  electric  dyadic  Green's  functions  for  dipoles  of  arbitrary 
orientation  on  substrates  of  arbitrary  thickness  and  material  properties. 
The  ext  action  of  numerical  results  from  these  exact  solutions  is  prac¬ 
tical  only  if  the  radius  of  curvature  of  the  substrate  is  not  large  com¬ 
pared  to  the  wavelength.  For  large  cylinders,  an  asymptotic  solution 
has  been  obtained  for  thin  substrates  [2],  and  some  progress  has  been  made 
toward  an  asymptotic  solution  for  thick  substrates  [4]. 

In  this  paper,  we  consider  a  printed  dipole  of  finite  length,  and 
set  up  an  integral  equation  for  the  surface  current,  utilizing  the  exact 
results  given  in  [2],  This  equation  is  solved  numerically,  and  the  in¬ 
put  impedance  is  then  obtained  via  a  variational  technique.  The  radia¬ 
tion  pattern  is  also  computed.  All  these  results  require  a  tolerable 
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amount  of  computer  tine  for  cylinders  of  Moderate  sise. 

For  very  large  cylinders,  we  describe  some  initial  results  that  we 
have  obtained  for  the  far  field,  utilising  an  optical  approach,  i.e. , 
ray  tracing  inside  the  curved  substrate. 

The  tine-dependent  factor  exp(-iut)  is  oaitted  throughout  the  paper. 

3.  Surface  current  an  rectangular  printed  dipole. 

The  geometry  of  the  problem  is  illustrated  in  Fig.  1.  A  metal 
cylinder  of  infinite  length  and  radius  a  is  coated  by  a  layer  of  dielec¬ 
tric  material  of  uniform  thickness  D  ■  b  -  a  end  relative  permittivity 

e  (i.e.,  refractive  index  N  ■  >/e"  ) •  The  printed  rectangular  antenna 
r  ” 

is  on  the  outer  surface  of  the  substrate,  has  length  1  in  the  direction 
of  the  cylinder  axis  and  width  w  in  the  circumferential  direction,  cor¬ 
responding  to  an  angular  width  5  as  seen  from  the  s-axis  (i.e.,  w  •  bd) . 

It  is  fed  at  a  small  gap  which  may  be  offset  an  amount  zQ  from  the  center 
of  the  dipole. 

If  the  width  w  is  small  compared  to  the  wavelength,  the  only  component 
I(2)  of  the  current  is  in  the  z -direct ion.  It  can  be  shown  that  I (z) 
satisfies  the  following  Hallhn-type  integral  equation: 


where  the  electric  field  E  Is  xero  on  the  dipole  and  its  integral 
across  the  feeding  gap  is  taken  as  1  volt,  and  the  kernel 


(2) 


where  gC*.*’,*,*’)  is  a  known  complicated  function  of  its  arguments,  that 
can  be  obtained  from  the  exact  results  given  in  [2]. 

To  solve  eq.  Cl),  we  assume  that  IC*)  may  be  expressed  by  the  finite 
Fourier  series 


n  •  1 

cos 

h  -0 

which  satisfies  the  boundary  conditions  If ±  A/i)  *  0.  The  Fourier  co¬ 
efficients  1^  are  given  in  Table  1  for  n  ■  4  and  n  »  7,  and  for  6  »  0.03 
radians,  Iq*0,  kQa  ■  1,50,  kgb  »  1.92,  Er  «  2.17  (corresponding  to  N  « 
1.47);  the  negative  integers  in  parentheses  are  exponents  of  power-of- 
ten  multiplicative  factors.  It  is  seen  that  good  convergence  is  obtained 
for  n  not  too  large.  Note  tnat  the  values  chosen  for  Table  1  correspond 
to  a  substrate  thickness  of  about  one  tenth  of  the  wavelength  inside  the 


(2h  +  1)  tr  i/l 


(3) 


substrate. 


Table  1 


4.  Input  impedance  of  rectangular  printed  dipole 

The  input  impedance  Z^n  of  the  finite  dipole  is  obtained  by 
Galerkin's  variational  method,  in  the  foxm: 


d*»I(z‘)  K  (*»*') 


where 
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Some  numerical  results  for  the  same  date  used  for  Table  1  are  given  in 
Table  2;  the  first  resonance  occurs  at  «  2.82. 


Table  2 


*0* 

V® 

2.0 

10  ♦  i  65.6 

2.5 

16.5  *  i25 

3.14 

23.5  -  i 25 

3.5 

36.2  -  i51 

The  effect  of  feed  gap  displacement  from  the  symmetrical  position 
*0  ■  0  on  the  real  part  and  the  imaginary  part  *in  of  the  input  im¬ 
pedance  is  shown  in  Fig.  2,  for  the  numerical  values  indicated. 

5.  Far  field  for  rectangular  printed  dipole. 

The  radiation  pattern  is  easily  calculated.  An  example  is  given 
in  Fig.  3. 

6,  Some  considerations  for  large  cylinders. 

For  an  axially  oriented  elementary  dipole,  the  far  field  in  the 
equatorial  plane  6  «  tt/2  may  be  written  as 

,  iktfr 

ECr)  -  -kg  -2 -  S  0  ,  fp**)  (6) 

V 
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where  the  far- field  coeffecient 


*  ■  -ii^r /  *w.'1?v t7) 

JC 

♦  and  ♦q  are  the  azimuthal  positions  of  observation  point  and  dipole, 
respectively,  and  the  contour  C  of  integration  runs  along  the  ~eal 
v-axis  and  just  above  it,  from  Rev*  -•  to  ♦».  The  function  f^  is 
exactly  known  [2],  but  it  is  so  complicated  that  no  insight  on  its  be* 
havior  is  obtainable  by  direct  inspection.  However,  far  very  thin  sub¬ 
strates  (iNIkgD  «  1)  and  very  large  cylinders  (k^b  »  1),  the  asymptotic 
estimate  holds: 


from  which  an  asymptotic  evaluation  of  S  is  obtainable,  that  leals  to 
easy  expressions  for  the  radiated  field  of  arrays  of  dipoles. 

The  case  of  thick  substrates  is  considerably  more  complicated, 
because  the  simplifications  ensuing  from  the  exact  solution  do  not  lead 
easily  to  an  asymptotic  interpretation.  However,  it  will  be  shown  that 
simple  and  interesting  results  of  easy  applicability  are  obtained  by 
following  a  ray-tracing  approach  within  the  thick  curve  substrate.  Aside 
from  the  complication  arising  from  the  curvature  of  the  substrate,  this 
approach  is  similar  to  that  adopted  in  optics,  in  analyzing  the  behavior 
of  dielectric  slab  waveguides  and  Fabry -Perot  interferometers. 
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This  paper  presents  the  results  and  analysis  of  tests 
designed  to  reveal  the  safe  and  upper  limits  of  stripline  antenna 
circuits  under  CW  power  up  to  100  watts  at  12  GHz,  for  altitudes 
from  1,000  to  70,000  feet  with  chamber  ambient  temperatures  from 
2(J*  to  125T  C.  .4 - 


Limitations  in  obtaining  better  than  about  +  1  dB 
accuracy  in  the  power  measurement  values  during  test  for  use  in  the 
simplified  thermal  model  are  described.  Finally,  a  delineation  of 
the  safe  power  handling  for  various  group  conditions  is  given. 


* 
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1.1 


INTRODUCTION 


Tftis  paper  presents  the  results  of  power  tests  designed 
to  reveal  the  safe  and  upper  Units  of  stripline  antenna  circuits 
in  Durold  5880  substrates  under  CW  power  at  12  GHs.  In  order  to 
conduct  these  tests  it  was  first  necessary  to  design  and  build 
several  different  holding  fixtures.  Namely,  fixtures  were  built  to 
evaluate  line  section  failures,  antenna  failures,  and  maximum  stress 
failures. 


Figure  1  shows  a  photograph  of  the  aluminum  test  fixtures 
used  In  the  line  failure  tests.  The  alualnum  surface  opposite  the 
side  with  the  Screw-heads  was  made  smooth  so  chat  it  could  be  heat- 
sunk  for  better  heat  transfer  and  thermal  stability  during  test. 

Figure  2  shows  a  photograph  of  the  two  antenna  test 
fixtures.  The  aluminum  test  fixture  allowed  determination  of  the 
safe  power  handling  under  heat-sink  conditions  by  clamping  the 
smooth  aluminum  surface  (opposite  side  from  screw-heads)  to  an 
aluminum  plate  for  thermal  stability  during  test.  The  other  test 
fixture  shown  was  built  in  NEMA,  G-10,  dielectric  offering  a 
poor  thermal  transfer  and  maximum  stress  conditions. 


60I9I 


All  tests  vara  conductad  with  the  camples  In  a  chamber 
vhere  various  taaparatura  and  altltuda  conditions  could  be  simulated. 
Forward  and  return  power  froa  tha  aaapla  vara  monitored*  Alao, 
through-line  power  end  radiated  signal  for  the  antenna  saaples  vara 
monitored.  Thermo-couples  vara  placed  at  various  locations  on  the 
test  aaapla,  along  tha  RF  chain,  on  tha  aluminum  within  tha  chamber 
and  another  heat  sink  was  suspended  vlthin  the  chamber. 
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2.1 


CONDUCT  OF  TEST 


Figure  3  shove  the  beslc  instrumentation  for  conducting 

the  tests. 


The  f ollowing  sequence  Is  typical : 

1.  First  the  test  sample  connectors  were  inspected  and 
cleaned  (If  necessary). 

2.  Next,  the  sample  was  lightly  coated  with  thermal 
grease  and  clamped  to  the  aluminum  heat-sink  block  Inside  the 
chamber.  Here,  a  dielectric  block  vas  positioned  between  the  upper 
clamp  and  the  sample  so  that  mainly  one  thermal  transfer  path  vas 
provided . 


3.  RF  connections  vere  then  made  for  the  pover 
measurements • 

4.  Various  thermo-couples  vere  placed  in  position. 

5.  Temperature/altitude  equilibrium  vas  established 
vithln  the  chamber, 

6.  RF  input  pover  was  applied  and  increased,  in  steps, 
for  various  time  intervals. 


491 


CALORIMETER 


7.  Monitoring  of  all  sensors,  including  time,  war* 


pertormed. 


The  above  sequence  was  used  and  either  taken  to  thermal 
equilibrium  for  the  safe  power  determination  or  until  failure  for 
the  atress-limlt  tests. 
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3.1 


RESULTS 


Thi«  section  ol'  the  paper  presents  highlights  of  the 

results. 


Figure  4  shows  the  observed  temperature/time  profile 
for  the  antenna  in  the  aluminum  fixture  at  1,000  foot  altitude, 
ambient  85°  C,  as  the  applied  12  GHz,  CW,  RF  power  is  increased 
from  60  to  100  watts.  (No  failures.) 

Figure  5  shows  a  repeat  of  the  prior  test  at  50,000 
feet.  (No  failures). 

Figure  u  shows  a  repeat  of  the  first  test  at  70,000 
feet.  (No  failures.) 

Figure  7  shows  a  repeat  of  the  last  test  at  70,000 
feet  and  ambient  of  110°  C.  (Failure  noted.) 

New  circuit  boards  and  input  connectors  were  used  to 
replace  the  failed  parts.  Tests  similar  to  the  sequence  depicted  in 
Figures  4  to  7  were  rerun.  Again,  failure  occurred  in  the  last  test. 

Figure  8  shows  the  disintegration  of  a  connector 
experienced  in  a  maximum  stress  test  sequence  of  the  antenna  sample 
In  the  G-10  holding  fixture  (no  heat  sink). 
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Figure  4.  Temperature/ Hoe  (Profile  1) 
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Figure  5.  Temperature/Tioe  (Profile  2) 


ANT  HEAT  SUNK  TO 
24"  x  31”  x  Vi"  AL  PLATE 


Figure  9  shove  s  failed  set  of  circuit  boards  (i/32 
inch  thick,  SO  oha  Unas)  and  aaaociated  3aa  connectors*  Also 
shown  are  two  circuit  boards  (exterior  view)  and  connectors  which 
sustained  danage  during  test  in  the  aluainua  antenna  fixture* 

Arc-over  at  the  connector  to  atripllne  interface  was  noted.  Also, 
two  snail  burn-through  holes  vara  evident.  These  holes  were  a 
result  of  arc-over  at  altitude  froa  the  stripline  to  a  screw  in  the 
holding  fixture.  (Upon  reaoval  no  further  problea  was  encountered.) 

Figure  10  shows  one  strlpllne  set  of  boards  opened  for 
inspection  after  test.  Danage  at  the  corner  was  evident  but  no 
breakdown  had  occurred  at  the  altered  corner  (holding-fixture  screw 
not  in  place.) 

For  the  above  tests  to  have  full  meaning,  it  is  necessary 
to  determine  power  flow  in  the  antenna  circuit  under  test.  Hare, 
power  available  for  test  was  first  established  by  measurement  into 
a  matched  lo»d  with  Calorimeter.  Next,  the  antenna  test  sanple  was 
connected  to  the  power  cable  using  a  precision  TNC  to  3ma  adapter. 
Combined  VSWRs  of  this  adapter  and  the  sample  resulted  in  a  reflected 
power  of  S3  watts.  Analysis  Indicated  that  about  33  watts  flowed  in 
the  input  line  of  the  antenna  stripline  during  test.  This  further 
decrease  in  power  was  attributable  to  heat  build-up  in  the  cables  and 
adapters  ahead  of  the  antenna  terminal. 

500 


I 


r  i 

L  J 


Failed  Set  of  Circuit  Boards  and  Connectors 


4.1 


ANALYSIS 


Center  conductor  temperatures  war*  HtlMttd  by 
calculation*  for  three  cases  of  strlpllM  failure  using  tsaparaturc 
iMaaurao  at  th*  input  3aai  connector,  eat lasted  power  dissipation*, 
and  steady  atac*  analysis  for  simplicity. 

Results  indicated  that  two  of  the  observed  failures 
were  probably  temperature-related  in  that  the  predicted  center- 
conductor  temperatures  exceeded,  by  50  percent,  the  rated  aaxiaum  of 
200s  C.  In  one  failure  test,  at  70,000  feet,  it  was  observed  to 
occur  with  the  calculated  center  conductor  of  160*  C.  By  Inspection 
after  teat.  It  was  confined  that  this  failure  was  voltage-related. 


503 


3.1 


OOWCLPDIHC  MMMtKS 


The  ?*per  hat  preaented  a  "beach-aark"  on  th*  aafa 
power  handling  of  30  oha  circuits  la  Durold  3880. 

By  careful  attaadon  la  aaaeably  to  avoid  air-gaps , 
contaalaanta ,  ate.  and  with  boat  alak  provlalona  to  Halt  teap%ra- 
turn  rlaa  to  83*  to  100*  C,  50  oka  atrlpllae  circuit*  In  Harold 
5880  ahould  aafely  handle  30  tntti  of  CM  powar  up  to  12  Ok  and 
altitude*  up  to  70t000  feat. 

In  general,  rlgoroua  adherence  to  aaaaably  detail*  are 
"•qulred.  Input  VSWR*  under  2/1  are  recoaaanded.  Both  guideline* 
ahould  alnialte  voltage-related  failure*  at  higher  altitude* • 
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end 

Devld  L.  Wandrtl 
Raytheon  Company 
Research  Division 
Lexington,  MA  02173 

ABSTRACT 

. . 

'  Modem  airborne  and  ground  satellite  communication  systems  often 
require  high  gain  antennas  which  are  low  profile  and  are  capable  of 
conforming  to  a  variety  of  surfaces.  A  phased  array  utilizing  distri¬ 
buted  solid  state  components  Is  capable  of  satisfying  the  wide  angular 
scan  coverage  and  low  noise  requirements.  An  array  for  receive  only 
operation  Is  described  which  utilizes  monolithic  microwave  technology 
In  a  novel  solution  to  the  low  profile  constraint. 

The  array  operates  at  SHF  frequencies,  has  128  radiating  ele¬ 
ments  and  associated  monolithic  modules,  «nd  Is  approximately  8  by 
13  inches.  Radiating  elements  are  mlcrostrlp  patches  fed  by  a  unique 
capacltlvely  coup’ed  feed  network  resulting  in  an  8X  bandwidth.  The 
power  combiner  network  is  a  microstrip  layer  that  includes  active  s-^ 
receive  modules.  The  entire  array  consists  of  a  multilayer-board 
less  than  0.2  Inches  thick  including  row/col umn  steering  commands 
and  bias  signals  for  the  active  modules  as  well  as  all  of  the  micro-  | 

strip  circuitry.  The  array  steering  Is  controlled  by  an  associated 

i 

i 

Beam  Steering  Unit.  j 

i 

Prepared  for  presentation  at  the  1982  Symposium  on  Antenna  ; 

Applications,  Sept.  22  -  24,  1982,  Monticello,  Illinois 
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The  receive  module  Is  a  solid  state  hybrid  package  that  Includes 

]M*b* 

monolithic  microwave  Integrated  circuits  (MMIC)  grown  on  gallium  ar- 
senlde  (GaAs)  in  addition  to  conventional  circuit  components .  XJtfu 
circuitry  is  entirely  In  microstrip  »nd  consists  of  a  diode  llmtfir, 
single  stage  low  noise  amplifier  (LNA) ,  and  three-bit  phase  shlf^E. 

To  date,  the  array  has  been  fabricated  and  tested  as  a  broad--^ 
side,  non-steerable  array  with  results  as  predicted.  Module  fabrica¬ 
tion  is  substantially  complete  and  will  be  followed  by  testing  of  the 
fully  filled  steerable  array. 

INTRODUCTION 

This  paper  describes  an  electronically  steerable,  left  hand  cir¬ 
cularly  polarized  (LHCP),  active,  microstrip  radiating  aperture  that 
operates  over  the  7250  MHz  to  7750  MHz  frequency  band.  It  utilizes 
flush  mounted  construction  techniques  in  which  the  various  elements 
of  the  array  are  nlcrowave  printed  circuits.  The  patch  radiators 
are  printed  on  teflon  fiberglass  and  the  circular  feed/hybrid  layer 
and  the  combiner  layer  are  printed  on  duroid.  In  addition,  row  and 
column  steering  commands  and  bias  signals  are  included  In  the  bonded 
structure.  The  grid  configuration  and  element  spacing  Impact  the 
microstrip  combining  network  and  vice-versa,  hence,  the  design  of 
the  various  layers  of  the  antenna  is  interdependent. 

The  major  features  incorporated  into  this  microstrip  radiating 
aperture  include  the  following: 

a. )  increased  radiator  bandwidth; 

b. )  minimization  of  radiation  loss  from  the  microstrip  com¬ 

biner  circuit; 


c. )  active  matching  of  the  radiator  for  the  array  environment 

over  a  60°  scan  cone; 

d. )  development  of  fabrication  procedures  for*  low-cost  flush 

mounted  array  applications  Including  modularization 

approaches  to  large  array  fabrication; 

e. )  development  of  active  receive  modules  employing  monolithic 

microwave  Integrated  circuits  (MMIC);  and 

f. )  fabrication  of  an  active  array  by  Incorporating  the  MMIC 

modules  Into  the  combiner  layer. 

Figure  1  Is  a  block  diagram  of  the  ADM  array  system.  Antenna 
steering  commands  are  Input  via  the  TRS-80  keyboard.  The  Beam  Steer¬ 
ing  Unit  then  generates  the  phase  shifter  commands  that  steer  the 
array  to  the  desired  azimuth  and  elevation  angles. 

The  system  has  two  operating  modes;  a  dual  beam  configuration 
and  a  single  (combined)  beam  configuration.  To  change  from  single 
to  dual  beam  operation  It  Is  necessary  to  remove  the  final  2:1 
combiner  that  is  physically  mounted  on  the  array.  The  array  perfor¬ 
mance  Is  su/arlzed  In  Table  1. 
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FIGURE  1.  Functional  Block  Diagram 
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TABLE  1.  Array  Performance 


Center  Frequency: 

7500  MHz 

Bandwidth  (1  dB  Points): 

500  MHz 

Scan  Method: 

Electronic  Phase  Shifters 

Scan  Region: 

60°  scan  volume 

Nominal  Impedance: 

50  ohms  resistive 

Element  VSWR: 

Nominal  2.0:1  over  scan  region  and  fre¬ 
quency  range 

Polarization: 

Left  hand  circular 

Axial  Ratio: 

1.0  dB  at  0  *  0  *  0°  with  gradual  de¬ 
gradation  to  5  dB  at  60°  scan 

RF  Output: 

Two  RF  connectors  (dual  beam  capability) 

Phase  Shifter  Precision: 

3-blt 

Efficiency: 

Better  than  60S  compared  to  an  Ideal  pro 
ejected  aperture  of  equivalent  area 

SI  delobe  Level: 

-12  dB  at  boreslte  (single  beam  only) 

Gain: 

Greater  than  or  equal  to  20  dB  (single 
beam  only) 

ARRAY  DESCRIPTION 

A  cross-sectional  view  of  the  array  Is  shown  In  Figure  2.  The 
arr.y  consists  of  a  bonded  multi-layer  sandwich  of  five  microwave 
and  d.c.  printed  circuit  boards.  The  entire  assembly  Is  bonded  with¬ 
out  the  receive  mod'll  os  which  are  assembled  after  the  layered  struc¬ 
ture  Is  complete.  Figure  3  shows  the  complete  array. 

The  radiating  element  Is  comprised  of  two  microstrip  layers,  a 
patch  radiator  layer  and  a  circularly  polarized  (CP)  feed  layer.  One 
RF  feed-thru  per  element  connects  the  feed  point  to  the  corporate 
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FIGURE  3.  128  Element  Receive  Array 


) 

combiner.  Plated  thru-holes  are  used  for  the  RF  and  d.c.  Inter¬ 
connections.  In  all  there  are  over  1100  plated  thru-holes  in  the 
assembly,  each  passing  through  one  or  two  ground  planes. 

Receive  modules  are  set  Into  the  1/16"  thick  spacer  provided 
below  the  combiner  layer  to  accommodate  the  module  package.  Ulti¬ 
mately  modules  will  be  fabricated  cc-planar  with  the  combiner  elimi¬ 
nating  the  spacer  and  decreasing  the  array  thickness. 

To  make  the  design  appropriate  for  general  use  the  element 
spacing  was  calculated  such  that  the  array  can  scan  up  to  60°  from 
broadside.  A  triangular  grid  was  used  to  minimize  the  number  of 
elements  for  an  array  whose  scan  volume  is  a  cone.  The  row  spacing 
"d"  to  keep  the  grating  lobe  at  the  edge  of  real  space  is  given  by: 

) 

d  a  X/(i  +  sin  9S)  (1) 

The  element  spacing  calculated  from  the  row  spacing,  and  adjusted 
slightly  to  keep  the  grating  lobe  entirely  out  of  real  space  is  0.91 
inch. 

ANTENNA  ELEMENT 

The  antenna  element  chosen  for  this  application  is  the  printed 
circuit  c*'  patch  antenna.  The  element  differs  from  the  usual  element 
in  that  there  is  a  layer  of  dielectric  covering  the  ground  plane  and 
part  of  the  feed  (the  quadrature  hybrid)  is  printed  on  the  radiating 
side  of  the  ground  plane  to  maximize  the  space  available  for  phase 
shifters  on  other  layers  of  the  antrr.na.  The  antenna  element  has  an 
operational  bandwidth  of  500  MHz  centered  at  7.5  GHz.  However,  be- 
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cause  of  tolerances  on  the  dielectric  constant  of  commercial  dielec¬ 
trics,  the  design  bandwidth  Is  about  600  MHz. 

The  bandwidth  01  a  microstrip  element  Is  directly  proportional 
to  the  substrate  thickness.  However,  Increasing  the  substrate 
thickness  Is  undesirable  as  It  enhances  the  coupling  to  the  surface 
wave  mode^ ,2^  and  Increases  the  radiation  of  the  feed  structure 
adjacent  to  the  patch.  The  mutual  coupling  to  nearby  antenna 
elements  Is  directly  proportional  to  the  energy  In  the  surface  wave 
which  may  cause  the  element  pattern  notch,  usually  associated  with 
the  grating  lobe,  to  occur  at  angles  for  which  the  grating  lobe  Is 
far  from  real  space.  Uncontrolled  feed  structure  radiation  will 
degrade  performance  at  some  angles.  For  these  reasons.  It  Is  de¬ 
sirable  to  minimize  substrate  thickness. 

By  adding  a  series  tuned  resonant  circuit  to  the  patch  It  Is 
possible  to  Increase  the  bandwidth,  while  at  the  same  time  signifi¬ 
cantly  reducing  feed  radiation.  The  feed  configuration  shown  In 
Figure  4  was  determined  empirically.  A  rigorous  mathematical  treat¬ 
ment  of  the  element  was  not  attempted  but  the  empirical  results  were 
modeled. 

Circular  polarization  Is  obtained  by  feeding  the  two  linear 
ports  of  the  antenna  element  with  a  quadrature  hybrid  packaged  with 
the  tuned  circuit  on  the  feed  layer. 

ELEMENT  MEASUREMENTS 

Element  Impedance  was  measured  for  the  Isolated  element,  and  In 
a  waveguide  simulator.  Also,  the  active  reflection  coefficient  was 
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FIGURE  4.  Quadrature  Feeds  for  Five  Elements 

calculated  from  mutual  coupling  measurements  In  a  30  element  array. 

In  all  cases,  the  Impedance  measurements  were  made  at  the  Input  to 
the  antenna  feed  without  the  quadrature  feed  that  is  normally  located 
at  that  point.  The  element  test  circuit  is  shown  In  Figure  5,  as  Is 
the  impedance  plot  of  the  Isolated  element  measured  at  the  feed  and 
referenced  to  point  4,  Although  the  plot  is  not  optimally  centered. 

It  Is  seen  that  with  centering  the  maximum  VSWR  Is  about  1.6:1  over 
a  600  MHz  band.  Patterns  measured  on  the  isolated  element  In  a  large 
ground  plane  are  shown  In  Figure  6.  It  is  seen  that  the  patterns 
are  reasonable  with  the  "E"  plane  pattern  broader  than  the  "H"  plane 
pattern.  These  patterns  are  not  significantly  different  than  the  Iso¬ 
lated  patterns  of  a  waveguide  type  radiator  so  that  similar  perfor¬ 
mance  in  an  array  environment  is  probable. 
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FIGURE  5.  Measured  Data  on  Isolated  Element  at  Point  "A"  of  Feed 

Impedance  data  was  also  taken  In  a  waveguide  simulator.  Data 
for  the  element  In  free  space  and  In  the  simulator  for  two  different 
scan  angles  are  shown  In  Figure  7.  The  tested  element  Is  not  the 
final  design  element.  However*  the  results  are  of  Interest  because 
It  appears  that  the  good  Isolated  element  match  leads  to  acceptable 
results  when  the  element  is  tested  in  a  simulator -Indicating  that 
the  element  match  in  an  actual  array  will  also  be  acceptable. 
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FIGURE  6.  Patterns  of  7.5  GHz  Patch  Radiator 
MEASUREMENTS  IN  A  SMALL  ARRAY 

The  measurements  on  the  Isolated  patch  and  the  patch  In  the  simu¬ 
lator  showed  no  unexpected  results.  However,  sometimes,  1i>  the  array 
environment,  unusual  effects  occur.  It  was  felt  that  some  form  of 
verification  In  a  small  array  was  necessary.  A  30  element  array, 
shown  In  Figure  8,  was  built.  This  array  was  used  to  make  pattern 
and  mutual  coupling  measurements.  The  array  was  constructed  In 
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FIGURE  7,  Comparison  of  Impedance  Plots  for  Element 
In  Simulator  and  in  Free  Space  for  30° 
and  60°  Scan  Angles 


FIGURE  8.  30  Element  S-band  Array 


'S' -band  bKtun  of  tho  availability  of  an  element  design  and  tha 
non -critical  nature  of  tha  assembly  procedure. 

PATTERN  MEASUREMENTS 

Patterns  of  a  rear  central  element  were  measured  at  2.4,  2.5, 
and  2.6  GHz.  The  2. S  GHz  data  Is  shown  In  Figure  9.  The  transmitting 
antenna  radiated  vertical  polarization  and  a  pattern  was  measured 
using  the  appropriate  port  on  the  patch.  Than,  the  transmit  antenna 
polarization  was  rotated  90*  and  the  pattern  measured  using  the  other 
port  on  the  patch.  The  ripples  on  the  pattern  appear  to  be  due  to 
the  finite  size  of  the  ground  plane.  The  gain  difference  Is  believed 
to  be  due  to  the  ripples  In  the  other  plane.  Measurements  were  also 
made  for  other  rotations  of  the  receive  array  and  for  other  elements 
In  the  array.  The  following  was  noted: 

a. )  Increasing  the  frequency  narrowed  the  beam 

b. )  decreasing  the  frequency  broadened  the  beam 

c. )  notches  Indicating  array  resonance  effects  were  not  observed 

d. )  the  cross  polarized  pattern  was  about  16  dB  down 

e. )  the  details  of  the  pattern,  such  as  the  exact  beamwldth 

and  ripples,  should  be  Ignored  since  these  could  be 
changed  significantly  by  varying  the  conditions  at  the 
ground  plane  edges 

In  summary,  pattern  measurements  In  the  array  did  not  Indicate 
that  there  would  be  problems  In  the  use  of  this  element. 

MUTUAL  COUPLING  MEASUREMENTS 

Mutual  coupling  measurew-nts  were  also  made  on  the  90  element 
array  of  Figure  8.  It  was  found  that  perfect  synmetry  did  not  exist 
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(see  Figure  9)  for  eo-polarlted  coupling,  twice*  the  Active  reflec¬ 
tion  coefficient  It  celcuUted  using  the  formula: 
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N  even 


HM  NN  (  ) 

%  «*  <“  *h  4  v  >h>  ♦  s,m  «»  (»  *h  •  *  V} 


(2) 


Where  SPjqi  is  the  mutual  coupling  to  the  eleMent  which  It  located  at 
the  mirror  Image  of  the  element  where  Is  measured. 

The  active  driving  point  lamedance  In  the  ME*  and  MHN  planes  can, 
to  a  good  approximation,  be  computed  using  only  co-polarlzed  coupling 
data.  The  wsults  of  this  computation  at  an  arbitrary  reference  plane 
Is  shown  In  Figure  10.  Note  that  S11  has  been  set  equal  to  zero.  The 
reason  for  this  Is  that  previous  data  Indicated  that  a  good  Isolated 
element  match  Is  a  reasonable  choice  for  a  good  match  In  the  array. 

By  setting  S11  ■  0  and  plotting  the  active  impedance,  the  magnitude 
of  the  error  In  this  assumption  Is  easily  seen.  If  a  good  match  Is 
desired  at  45°,  should  be  about  0.2  at  2.5  GHz.  Hence,  the  Iso¬ 
lated  element  match  Is  a  good  starting  point  In  the  matching  procedure. 

To  estimate  the  magnitude  of  the  coupling  from  the  cross -polarized 
elements,  the  mutual  coupling  between  all  horizontally  polarized  Inputs 
to  one  vertically  polarized  Input  was  measured  making  no  assumptions 
of  symmetry  (for  co-polarlzed  coupling  there  Is  syimnetry  between  the 
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FIGURE  9  Pattern  Measurement  In  S^aH  Array 

first  and  third  quadrants  and  also  between  the  second  and  fourth 
quadrants).  The  magnitude  of  the  voltage  coupled  to  the  vertically 
polarized  port  as  a  function  of  scan  angle  in  sine  space  was  mea¬ 
sured.  In  the  principal  planes,  the  maximum  coupling  Is  0.11  volts 
and  Is  less  then  Q.i  volts  over  most  of  the  scan  volume  of  Interest. 
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(tenet,  *  reasonable  estimate  of  the  driving  point  Impedance  c«n  bt 
obtalntd  by  measuring  only  co-polarlzed  coupling. 


i  i,,|  «  u  '») 


FIGURE  10.  Active  Principle  Plane  Impedance  for 
Vertical  Polarization 

In  estimating  the  performance  of  a  phased  array.  It  Is  desirable 
to  know,  among  other  things,  the  power  reflected  back  Into  the  termi¬ 
nals.  Even  though  the  cross-polarized  component  Is  not  a  major  con¬ 
tributor,  a  complete  set  of  measurements  was  taken  at  2.5  GHz  so 
that  the  totil  reflection  from  the  straight  arm  (vertical  polarization) 


and  the  bent  arm  (horizontal  polarization)  could  be  determined  assum¬ 
ing  that  the  horizontally  polarized  arms  Mere  driven  In  phase  quad¬ 
rature  with  the  vertically  polarized  arms.  The  resu'.  s  of  these  mea¬ 
surements  and  computations  are  very  encouraging.  For  Instance,  at 
0*0°,  the  reflected  power  Is  11*  of  the  Incident  power.  However, 
data  has  been  obtained  at  only  one  frequency  for  a  relatively  small 
array  thus  far. 

RF  POWER  COMBINER  NETWORK 

The  RF  power  distribution  network  combines  all  of  the  array 
module  outputs  Into  a  single  port.  The  combiner  requirements  are 
that  equal  path  lengths  to  all  elements  be  maintained  and  the  cir¬ 
cuit  loss  and  area  be  minimized.  Calculations  of  copper  loss, 
dielectric  loss,^  and  radiation  losses^  were  made  for  various 
substrate  materials  and  thicknesses.  Choice  of  the  transmission 
line  was  based  on  minimization  of  loss. 

A  reactive  power  '-omblner  was  designed  because  It  requires 
less  area  than  an  Isolated  power  combiner.  It  is  also  considerably 
cheaper  and  allows  the  system  noise  temperature  to  be  slightly  less 
than  with  an  isolated  comb<:ier.  However,  In  the  event  of  a  failure 
of  one  of  the  phase  shifters  such  that  It  looked  like  an  Infinite 
mismatch,  a  reactive  power  combiner  is  affected  much  more  than  the 
Isolated  type.  Future  Investigations  should  address  resistive  com¬ 
biners  also. 
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A  1:16  power  combiner,  that  forms  the  basic  building  block  in 
the  array,  is  shown  in  Figure  11.  The  measured  performance  of  the 
combiner  Is  given  In  Table  2. 

TABLE  2.  1 :16  Combiner  Performance 
Amplitude  error:  0.45  dB  rms 

Phase  error:  3°  rms 

VSWR:  1.22:1  max. 

Insertion  loss:  0.45  dB  ave. 

The  actual  1:64  array  feed  network  with  module  locations  Is  shown  in 
Figure  12. 
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FIGURE  12.  64:1  Power  Combiner  With  Module  Space  Indicated 

RECEIVE  MODULE 

The  receive  module  shown  schematically  in  Figure  13,  is  a  solid 
state  hybrid  package  that  includes  monolithic  microwave  integrated 
circuits  (MMIC)  grown  on  gallium  arsenide  (GaAs)  In  addition  to  con¬ 
ventional  circuit  components.  The  circuitry  is  entirely  In  micro¬ 
strip  and  consists  of  a  diode  limiter,  single  stage  low  noise  ampli¬ 
fier  (LNA) ,  and  a  three-bit  phase  shifter.  The  package  size  of  0.400 
Inch  by  0.500  inch  by  0.170  inch  thick  was  dictated  by  the  combiner 
network  layout  and  the  array  grid  dimensions.  Figure  14  Is  a  photo¬ 
graph  of  the  working  module. 
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FIGURE  13.  ADM  Receive  Module;  Schematic 
Module  design  goals  are: 


VSWR: 

<2:1 

Insertion  Loss: 

O'  dB 

Phase  Precision: 

3-blt 

Phase  Bit  Accuracy: 

+  10° 

PHASE  SHIFTER 

The  phase  shifter  for  the  SHF  SATCOM  receive  module  Is  a  three 
bit  monolithic  design  grown  on  4  mil  Gallium  Arsenide.  The  circuit 
uses  a  loaded  line  design  for  the  45°b1t  and  a  hybrid  coupled  design 
for  the  90°and  180°bits,  with  all  R.F.  lines  in  microstrip.  Power 
FET's  are  used  a.  switching  devices  In  all  three  bits  as  shown  sche¬ 
matically  in  Figure  13.  Frequency  range  of  operations  is  7.25  to 
7.75  GHz.  The  chip  size  of  all  bits  Is  .080"  x  .185",  giving  the 
phase  shifter  a  size  of  .240"  x  .185". 


\ 
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The  FET  switching  device  used  has  a  gate  length  of  one  micron 
and  a  gate  width  of  1.6  millimeters*  16  channels  of  100  microns  each. 
The  FET  is  used  in  a  grounded  source  configuration.  The  source  fin¬ 
gers  are  connected  by  gold  air  bridges  with  VIA-hole  grounding  at 
each  end  of  the  air  bridge.  Switching  speed  will  be  less  than  one 
nanosecond.  Power  handling  will  be  more  than  one  watt  per  FET. 

Test  of  the  individ’jjl  bits  from  breadboard  wafers  yielded  the 

following  results.  Phase  shift  accuracies  of  £  5°  per  bit  over  an 

800  MHz  band  were  measured  with  VSWR  <_  1.5:1  for  each  bit.  Insertion 

loss  of  the  individual  bits  was  as  follows: 

45°  bit  =  0.8  to  1.0  dB 

90°  bit  =  1.5  to  1.7  dB 

180°  bit  «  1.5  to  1.7  dB 

LOW  NOISE  AMPLIFIER 

A  single  stage  monolithic  GaAs  FET  amplifier  was  designed  and 
fabricated  for  tne  SHF  Microstrip  array  using  1  micron  gate  FET's 
monolithically  grown  in  4  mil  GaAs.  Performance  Is  In  good  agreement 
with  the  design  goals  of  7.0  dB  gain  and  4.0  dB  noise  figure  over  the 
SHF  frequency  band.  Test  data  indicate  that  the  actual  circuit  is 
optimized  about  5%  lower  in  frequency  than  the  model.  The  amplifier 
uses  a  Raytheon  type  832  low  noise  FET  having  a  1  pm  gate  length  and 
a  0.5  mm  periphery.  Distributed  element  RF  matching  circuits  were 
grown  on  the  GaAs  chip  with  the  FET.  The  design  was  optimized  for 
maximum  gain  using  CAD  techniques.  Blocking  capacitors  and  biasing 
circuits  are  provided  in  the  external  module  circuitry  to  simplify 
wafer  processing.  , 


LIMITER 


A  PIN  diode  limiter  mas  designed  to  provide  protection  for  the 
low  noise  amplifier  In  the  receive  module.  Size  constraints  dictated 
that  a  substrate  having  a  high  dielectric  constant  (l.e.,  9  to  10, 
similar  to  alumina)  be  used.  The  substrate  material  chosen  was 
Epsllam-10,  a  ceramic  power-filled  TFE  resin  having  dielectric  pro¬ 
perties  similar  to  alumina  yet  being  flexible  and  easily  processed 
similar  to  the  TFE  laminates  such  as  Durold.  Using  .010"  thick 
Epsllam-10  material  with  1/2  ounce  copper  on  each  side, the  limiter 
was  packaged  In  the  available  [.300M  x  .200**]  space  In  the  module. 

A  conventional  design  utilizing  two  PIN  diodes,  spaced  one- 
quarter  wavelength,  with  a  shorted  low  Impedance  stub  for  the  ground 
return  was  developed.  The  D.C.  return  Is  provided  via  a  shorted 
stub  at  the  Input.  This  method  was  chosen  over  an  RF  choke  arrange¬ 
ment  as  It  provides  a  measure  of  EMP  protection  for  the  SATCOM  array. 
Performance  of  the  prototype  limiter  Is  shown  below. 


Frequency: 
Insertion  Loss: 
VSWR: 

PINPUT’ 

P0UTPUT: 


7.25  -  7.75  6Hz 
0.50  dB 
1.24:1 
10W  CW 
45MW  CW 


TABLE  3.  Limiter  Performance 


BEAM  STEERING  UNIT 


The  SHF  Beam  Steering  Unit  (SSU)  uses  a  TRS-80  model  III  as  the 
basic  computer.  A  60  chip  Augat  board  Is  used  to  Interface  the  com¬ 
puter  to  the  ph»se  shifter  drivers  In  the  Array.  Steering  commands 
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for  the  array  ere  confuted  In  the  TRS-80  using  •  program  stored  on 
tape  via  the  cassette  Interface.  Figure  15  Is  a  block  diagram  of  the 
BSD. 

Steering  the  antenna  Is  accomplished  by  Inputlng  the  frequency 
and  the  two  beam  pointing  angles  (azimuth  and  elevation)  desired. 

The  TRS-80  then  computes  Ax  and  Ay,  the  Incremental  row  and  column 
phase  differences  given  by  the  equations: 

Ax  ■  2tt/X  dx  sin  Qq  cos  |q  (3) 

Ay  *  2-ir/X  dy  sin  sin  (4} 

where  dx  and  dy  are  the  element  spaclngs  In  the  rows  and  columns,  and 
0Q  and  6q  are  the  azimuth  angle  and  angle  from  the  zenith.  The  SHF 
array  Is  actually  two  64  e' ament  arrays,  each  having  8  rows  and  16 
columns  because  of  the  triangular  array  grid.  Thus,  there  are  48  row 
and  column  angles  computed  from  the  phase  differences  (Ax  and  Ay)  which 
are  then  quantized  Into  22.5°  Increments. 

These  numbers  are  then  stored  In  the  computer.  After  computation, 
4-bit  row  and  column  numbers  are  fed  sequentially  to  the  Interface 
circuit.  The  Interface  circuit  then  takes  this  4-blt  word  and  sends 
a  corresponding  number  of  pulses  to  one  of  the  48  row  and  column  In¬ 
puts  in  the  array.  The  rows  and  columns  are  fed  sequentially  by  a 
48  port  multiplexer  (MUX).  The  Interface  board  consists  of  a  parallel 
input  4-bit  down  counter,  1  to  48  multiplexer,  and  48  TTL-to-CMOS 
converters  to  provide  the  proper  pulse  train  for  the  drivers. 
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DRIVER 


The  phase  shifter  drivers  utilize  CMOS  logic  beceuse  *10  volts 
d.c.  Is  required  to  pinch  off  the  FET  $  used  In  the  phase  shifters 
In  one  bias  state,  the  second  (ungated-on)  bias  state  being  OV  d.c. 
The  TRS-80  produces  a  TTL,  0  to  +SV  d.c.,  output  pulse  train. 

The  drivers  consist  of  a  counter  to  count  the  row  and  column 
pulse  train  and  a  buffer  so  that  a  new  beam  position  can  be  loaded 
while  the  antenna  Is  being  used.  Drivers  for  6  elements  are  fabri¬ 
cated  on  each  board  using  19  IC's.  The  CMOS  drivers  can  run  at  a 
clock  rate  of  up  to  4  MHz,  limiting  the  beam  switching  rate  to  one 
every  500  usee  (2  KHz  rate).  The  buffer  output  sets  the  RF  down¬ 
time  to  100  microseconds  per  beam  position  change.  Figure  16  Is  a 
schematic  diagram  of  the  driver. 

ARRAY  TESTS 

The  breadboard  receive  array  was  used  to  confirm  the  array  de¬ 
sign  In  a  non -steerable  (broadside)  configuration.  The  assembly  was 
fabricated  exactly  as  the  ADM  array  except  that  the  active  receive 
modules  were  replaced  by  sections  of  50  ohm  transmission  line  In 
the  combiner  layer.  128  sections  of  50  ohm  line  were  built  In 
.020"  thick  Duroid  and  retrofitted  Into  the  array.  Thus,  there  are 
256  splices  In  the  combiner  layer  center  conductor  as  well  as  In 
Its  ground  plane.  The  VSWR  of  the  resulting  broadside  array  Is 
obviously  affected  by  this  rework  but,  In  general ,  the  results  of 
the  breadboard  array  tests  are  excellent  as  shown  In  the  following 
paragraphs. 
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FIGURE  15.  BSU  Block  Diagram 
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VSNft 

Tht  VSNR  vms  measured  at  the  two  1:64  Input  ports  with  tho  array 
radiating  Into  an  aaecholc  chamber.  In  tha  band  of  Intarast  tha  VSNR 
Is  In  tha  1.6:1  to  2.0:1  ranga  which  Is  not  unraasonabla  glvtn  tha 
amount  of  rawork  (splicing)  In  tha  cortl.Mr  microstrip  layar.  An 
array  of  slxtaan  Identical  alamants  fabricated  with  SO  ohm  Unas 
(In  place  of  modules)  In  tha  combiner  layer  artwork  had  a  VSfc*  of 
1.25:1  over  tha  same  frequency  band. 

GAIN 

Naasured  gain  to  althar  linear  polarisation  of  one  64  element 
breadboard  array  was  18.4?  dB,  compared  to  tha  calculated  gain  of 
18.25  dB,  well  within  the  test  system  accuracy*  Antenna  efficiency 
of  60S  was  achieved  measured  from  the  Input  feed  line  Including  all 
losses. 

RADIATION  PATTERNS 

Radiation  patterns  were  recorded  for  linear  vertical,  linear 
horizontal,  and  circular  polarization  for  each  64  element  array  as 
well  as  for  the  combined  128  element  configuration.  Patterns  were 
recorded  at  7.0,  7.25,  7.5,  and  7.75  GHz.  The  highlights  are 
summarized  below  and  In  Figures  17  to  19. 

64  ELEMENT  ARRAYS 

Figure  17  shows  the  one  way  radiation  patterns  of  the  two  64 
element  arrays  for  horizontal  linear  polarization  measured  at  7.25  GHz 
Peak  sldelobe  levels  of  -12  dB  are  as  expected  given  the  uniform 
Illumination  function  and  the  3  dB  beamwldth  of  12.5*  at  midband  Is 
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correct.  Figure  18  Is  the  radiation  pattern  at  7.25  GHz  of  a  single 
beam  when  Illuminated  with  e  rotating  linear  (CP)  source.  Note  that 
the  axial  ratio  on  the  main  beam  Is  In  the  order  of  0.1  dB.  At 
7.5  GHz  and  7.75  GHz  the  sldelobe  levels  are  -12  dB  or  lower,  but 
the  axial  ratio  Is  In  the  order  of  1.5  dB.  Measurements  at  7.1  GHz 
are  similar  to  7.5  GHz*  where  the  axial  ratio  Is  less  than  1  dB  and 
sldelobes  are  -12  dB  or  lower.  These  measurements  Indicate  that  the 
arrays  exhibit  the  desired  500  MHz  bandwidth,  centered  at  the  low 
end  of  the  SHF  frequency  band. 

128  ELEMENT  ARRAY 

Figure  19  Is  the  rotating  linear  (CP)  one  way  radiation  patterns 
of  the  combined  128  element  array.  [The  two  64  element  array  outputs 
are  combined  via  equal  phase  cables  In  a  2:1  combiner.]  The  combined 
beamwldth  Is  6.3*  and  again  sldelobes  and  axial  ratios  are  optimum 
at  7.25  GHz  as  In  the  64  element  arrays. 
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FIGURE  17.  Horizontal  linear  Radiation  Pattern: 
Breadboard  64  Element  Arrays 
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FIGURE  18.  Routing  linear  (CP)  Radiation  Pattern: 
Breadboard  64  Element  Array  No.  2 


FIGURE  19.  Rotating  Linear  (CP)  Radiation  Pattern: 
Breadboard  128  Element  Array 
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A  CIRCULAR  PARABOLIC  REFLECTOR 
ANTENNA  WITH  OFFSET  MONOPULSE  FEED 


M.3.  Dick,  D.  Killion,  E.  Mehner,  R.  Justice 
Cubic  Corporation 


ABSTRACT 

Through  the  examination  of  both  unorthodox  and  traditional  techniques,  a  Ku 
band  reflector  antenna  with  offset  monopulse  feed  was  developed  to  meet 
certain  requirements.  In  elevation,  the  requirement  was  maximum  gain  at  ,0° 
elevation  angle,  with  gain  falling  off  from  the  maximum  no  sharper  than  the 
cosecant  squared  of  the  elevation  angle.  In  azimuth,  the  requirement  was  low 
side  lobes;  consequently  the  dish  was  offset  fed. 

One  technique  for  meeting  the  elevation  requirements  was  to  move  the  feed 
off  focus  while  keeping  the  dish  stationary;  the  other  technique  was  to  move 
the  dish  while  keeping  the  feed  at  the  focus  of  the  dish.  For  the  first 
technique,  a  combination  ray  trace/path  length  diagram  roughly  determined 

the  desired  feed  location  for  a  given  elevation  angle.  Using  these  rough 

) 

positions  as  guideposts,  engineers  experimentally  determined  more  precise 
locations.  Moving  a  light  feed  to  scan  elevation  consumes  far  less  power 
than  does  moving  a  heavy  dish,  as  in  the  second  technique.  Moving  the  dish 
while  keeping  the  feed  at  the  focal  point  provided  more  gain  at  each  elevation 
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angle  than  did  moving  the  feed  off  locus.  It  also  avoided  needing^ 
complicated  scheme  to  move  the  feed  to  a  precise  position  relative  to  the  t^sh 
for  eacn  boresite  elevation  angle. 

*  .n. 
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1.0  INTRODUCTION 

1.1  PURPOSE 

The  purpose  of  this  study  is  to  develop  an  offset  fed  parabolic  reflector 
antenna.  In  elevation,  the  requirement  was  maximum  gain  at  0°  elevation 
angle,  with  gain  falling  off  from  the  maximum  no  sharper  than  the  cosecant 
squared  of  the  elevation  angle.  A  priori  target  elevation  position  is  assumed. 
In  azimuth,  the  requirement  is  tracking  capability  and  low  sidelobes.  The-  low 
si  delobes  minimize  jamming  along  the  horizon. 

1.2  TECHNIQUE 

To  meet  the  requirements,  engineers  used  a  circular  parabolic  dish  with  offset 
monopulse  feed.  The  offset  monopulse  feed  would  fulfill  the  azimuth 
requirements.* 

Engineers  experimented  with  two  techniques  for  scanning  in  elevation. 

One  technique  for  meeting  the  elevation  requirements  was  to  move  the  feed 
off  focus  while  keeping  the  dish  stationary.  The  other  technique  was  the 
traditional  approach  of  moving  the  dish  and  keeping  the  feed  focused.  For  the 


*Rucjge  and  Adatia,  "Offset  Parabolic  Reflector  Antennas:  A  Review," 
Proceedings  of  the  IEEE,  December  1978. 
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first  technique,  a  combination  ray  trace/path  length  diagram  roughly  deter¬ 
mined  the  desired  feed  location  for  a  given  boresite  angie.  Using  these  rough 
positions  as  guideposts,  engineers  experimentally  determined  more  precise 
locations.  Moving  a  light  feed  to  scan  in  elevation  consumes  far  less  power 
than  does  moving  a  heavy  dish,  as  in  the  second  technique.  Moving  the  dish 
while  keeping  the  feed  focused  provided  more  gain  at  each  elevation  angle 
than  moving  the  feed  off  focus  while  keeping  the  dish  stationary.  This 
arrangement  also  avoided  the  need  for  a  complicated  scheme  to  move  the  feed 
to  a  precise  position  relative  to  the  dish  for  each  boresite  elevation  angle. 

2.0  THEORY 

2.1  SCANNING  IN  ELEVATION 

To  change  a  directional  antenna  into  a  scanning  antenna  for  an  unknown  target 
location  requires  taking  power  from  the  main  beam  and  spreading  it  out 
(Figure  2.1-1.)  For  this  application,  since  a  priori  target  position  is  known,  the 
peak  of  the  main  beam  can  be  pointed  directly  at  the  target.  Thus  gain  loss 
associated  with  beam  spreading  need  not  occur. 

Two  methods  of  directing  the  peak  of  the  main  beam  to  specific  scan  angles 
are: 


o  Moving  the  feed  off  focus 

o  Moving  the  entire  antenna 
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Figure  2.1*1  "Spreading  Out"  Dlractlonal  Antenna's  Main  Beam  tor  Scanning 


Scanning  by  moving  the  feed  off  focus  uses  the  ray-trace/path  length 
technique  (Appendix  A)  to  determine  feed  location  for  each  boresite  angle. 
Figure  4.1-1  in  Section  4.0  is  a  plot  of  this  technique's  results.  Feed  position  is 
given  relative  to  the  dish's  focal  point.  For  scanning  by  moving  the  whole 
antenna— the  traditional  beam-pointing  method— the  feed  is  always  at  the 
focus  of  the  dish. 
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2.2  AZIMUTH  SIDELOBE  LEVEL 

Side  lobe  level  is  a  problem  only  on  the  horizon,  where  we  anticipate  the 
jammers  will  be  located.  Sidelobe  level  on  the  horizon  is  taken  with  respect  to 
the  peak  at  the  boresite  elevation  angle.  The  signal  arrives  on  boresite  and 
the  jamming  arrives  on  the  horizon.  With  increasing  elevation  boresite  angle, 
the  sidelobe  level  decreases. 


For  a  second  reason,  the  0°  boresite  angle  is  most  vulnerable  to  jamming.  As 
the  elevation  angle  increases,  the  source  gets  closer  to  the  antenna.  With 
jammer  position  remaining  fixed,  the  signal-to-jam  ratio  (S/3)  therefore 
increases  with  boresight  elevation  angle. 


3.0  ANTENNA  DISH  AND  FEED 


The  antenna  consisted  of  a  5’-diameter,  circular  parabolic  dish  with  monopulse 
feed.  Table  3,0-1  lists  antenna  parameters. 

3.1  DISH 

Figure  3.1-1  shows  a  two-dimensional  view  of  a  2.5'-diameter  cylinder 
intersecting  a  parabola  to  yield  the  circular  parabolic  dish.  Table  3.0-1  shows 
detailed  dish  data. 
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Tab)*  3.0-1.  Offset  Monopuhe  Pad  Antenna  Details  k  Sptdtkstkna 


ANTENNA 

Frequency  band  . . .  U.tOCHx  -  13.33GHz 

Polarization . . .  Vertical 

Beam  width . .  (hall  power  at  1 3.00GHz) 

Azimuthal. . . .  1.80° 
original  feed  Eltwtlan . 9* 


DISH 

Circular  parabolic  segment* 


Diameter . .  60  inches 

Focal  length . . .  30  Inches 

Surface  tolerance. . .  .006*  RMS 


A  - 

{  MONOPULSE  FEED 

See  Figures  3.2-1  and  3.2-2.  (Note  extension  ears  are  oriented  43° 
with  respect  to  the  horn's  front  (open)  edge.) 

t 

♦Figure  3.1-1  shows  how  segment  is  determined 


Pl9ure  3.1-1  Circular  Parabolic  Dlah  Generation 


C 
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3.2  MONOPULSE  PEED 

The  mono  pulse  feed  (Figure  3.2-1)  is  a  waveguide  terminating  in  a  sum  and 
difference  port  hybrid  on  one  end  and  a  horn,  with  extension  "ears”  to  reduce 
azimuthal  sidelobes,  on  the  other. 


Figure  3.2*1  Antenna  Feed 
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While  the  horn  used  for  the  moving-feed  seen  patterns  was  ng£  designed 
specifically  for  this  protect,  the  one  for  the  traditional  scan  patterns  was, 

4.0  ANTENNA  TESTMGt  MOVING-PEEO-OWF-FOCUS  METHOD 

♦.1  FEED  POSITION 

Appendix  A  shows  the  ray  trace/path  length  method  of  roughly  determining 
feed  location  for  a  desired  boresite  angle. 

Using  the  rough  locations  as  guideposts,  engineers  experimentally  determined 
more  precise  locations.  Figure  4.1-1  is  a  plot  of  feed  location  with  respect  to 
the  dish's  focal  point  for  boresite  angles  -13®,  -10o,  0®,  iQOf  20°,  30<>,  400, 
450. 


« souaM  utCM 


Plgur*  4.1-1  Fssd  Position  tor  Virtous  Borostto  novation  Anglos 
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^2  PATTERN  RANGE 

The  source,  a  12"  diameter,  front-ied  dish,  was  circularly  polarized  with  the 
horizontal  component  2*3  dB  greater  than  the  vertical.  Mounted  on  a  bracket 
with  two  degrees  of  freedom,  and  positioned  on  the  roof  of  Cubic's  new 
engineering  building,  the  dish  was  pointed  toward  the  antenna  on  the  receiving 
tower  nearly  300'  away.  One  worker  at  the  source,  getting  gain  Information 
via  walkie-talkie  *rom  a  second  person  on  the  tower,  pcinteu  th_  source 
precisely  to  maximize  gain. 

On  the  receiving  dish,  a  Ku-band  weatherproof  absorber  covered  the  feed 
support  structure  during  testing.  For  actual  application,  redesigning  the 
support  structure  will  make  the  absorber  unnecessary. 

♦.3  AZIMUTH  TEST 

Figure  4.3-1  shows  the  antenna  configuration  for  testing  in  the  azimuth  plane. 
Figure  4.3-2,  along  with  associated  Table  4.3-1,  identifies  patterns  taken. 

To  determine  whether  low  side  lobes  are  due  to  the  antenna  or  to  the  test 
range  itself,  the  antenna  was  rotated  180°.  The  rotation  had  only  a  random 
effect,  indicating  that  some  of  the  sidelobes  were  from  the  antenna;  others, 
from  the  range  itself. 
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Fiaur*  4.3-1  Aslmuth  Man*  Teat  Satup  tot  Moving  r««l  Off  Focus  Taat 

ELEVATION  TEST 

The  elevation  test  configuration  is  rotated  90°  from  the  orientation  of  the 
azimuthal  test  configuration  so  that  testing  can  be  done  in  the  horizontal 
plane.  This  avoids  the  ground  reflection  problems  of  a  vertical  elevation  plane 
test. 

After  completing  these  tests*  engineers  founo  experimentally  a  second  curve 
for  relating  feed  position  to  elevation  angle.  The  gain  for  these  feed  positions 
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Table  0-1.  Borealte  Angle*  lor  Pattern*  Taken 


Source  Angle 

Power  Maximum  (Boroslte) 

For  All  Pattern* 

Angle* 

9*90®  9,00 

9 . 900,  go®,  TOO,  <0O,  JO®,  *50, 
100O,  1030 

Pattern*  taken  for  all  *0®  in  a*i 

muth 

9  9t  9  are  defined  in  Figure  9.3-2 

Figure  4.3*2  Coordinate  ftyatem  fteteroneod  In  Tabio  4.3*1 
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was  even  higher  than  for  the  positions  that  the  ray  trace/path  length  techni^ie 
predicted.  No  patterns  were  taken  for  these  feed  positions. 

5.0  ANTENNA  TESTING!  TRADITIONAL  APPROACH 

5.1  FEEDPOSmON 

The  feed  always  remained  at  the  dish's  focal  point. 

yi  PATTERN  RANGE 

The  circularly  polarized  signal,  emitted  from  an  18"  diameter  front  feed  dish, 
traversed  825*  over  a  canyon  to  the  antenna  mounted  on  the  receiving  tower. 
The  source  pointed  at  the  receiving  antenna  to  maximize  gain. 

5.3  AZIMUTH  TEST 

Figures  5.3- la  and  5.3- lb  show  the  traditional  scan  azimuth  test  configuration. 
The  dish  support  structures  are  simpler  than  those  used  for  the  moving-feed 


*  > 

Figure  5.3-1  Traditional  Sean  Teat  Configuration 
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scan  (Figure  4.3-1)  sine*  an  elevatlon/azlmuth  pedestal  Is  present  rather  than 
an  azimuth/elevation  pedestal. 

3.1  ELEVATION  TEST 

The  elevation  dish  scan  configuration  Is  the  same  as  tor  the  azimuth  test. 

6.0  RESULTS 


Several  statistical  plots  communicate  azimuthal  sidelobe  level  results.  To 
make  reduction  of  raw  sidelobe  level  data  into  a  statistical  format  easier  and 
more  accurate,  the  azimuth  patterns  were  spread  out  over  six  cycles  of 
recording  paper  (10  feet).  Consequently,  those  patterns  are  too  big  to  include 
in  this  document. 

Sidelobe  level  on  the  horizon  is  taken  with  respect  to  the  peak  at  boresite. 

6.1  MOVING-FEED-OFF-FOCUS  SCAN  RESULTS 

i 

6.1.1  Elevation 

Figure  6,1-1  shows  a  composite  of  the  elevation  patterns  taken  with  the  feed 
positioned  for  each  of  the  elevation  angles  0°,  10°,  20°,  30°,  40°  and  45° 
individually.*  The  feed  position  was  not  adjusted  for  angles  other  than  these. 
Consequently,  the  gain  drops  off  rapidly  as  elevation  angle  deviates  from  these 
specific  angles. 
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Figure  6.1*1  Composite  of  Elevation  Patterns  (Moving  Feed) 

A  CSC^0  curve  is  superimposed  on  the  composite  of  the  elevation  patterns. 

Figure  6.1-1  indicates  that,  with  the  feed  properly  positioned,  ihe  moving-feed 

2 

technique  will  provide  enough  gain  to  match  the  classical  CSC  0  pattern  for 
angles  up  to  40°.  At  45°,  the  gain  is  about  3  dB  below  that  of  the  CSC  0 
curve.* 

6.1.2  Moving -i-eed  Scan  Azimuth 

The  probability  a  jammer  can  point  into  a  sidelobe  N  dB  below  the  peak  of  the 
main  beam  for  N  =  35,  40,  45,  and  50  for  0°  elevation  is  summarized  for  15 
GHz  in  6.1 -4a  and  b  for  sum  and  difference  patterns  respectively.  This 


4.6 

♦The  maximum  value  for  9  is  tan  T?  where  4.6  km  is  source's  maximum 
height,  45  km  is  its  maximum  range.  This  0  is  matched  up  with  the  0° 
boresite  elevation  angle. 


PlfMW  1.1-4* 
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probability,  PsLLt  is  the  percent  of  the  entire  angular  region  where  the 
sidelobe  level,  SLL,  is  greater  than  or  equal  to  N  dB.  Figures  6.1 -2a  and  6.1- 
2b  are  sample  plots  of  Psll  vs  elevation  angle  for  SLL  .2  45db. 

6.2  TRADITIONAL  APPROACH 

The  probability  a  jammer  can  point  into  a  sidelobe  N  dB  below  the  peak  of  the 
main  beam  for  N  =  35,  40,  45,  and  50  vs.  elevation  angle  is  plotted  for  3 
frequencies  in  Figures  6.2-la  through  d  and  6.2-2a  through  6.2-2d  for  sum  and 
difference  pattern  respectively.  This  probability,  Psll,  is  the  percent  of  the 
entire  angular  region  where  the  sidelobe  level,  SLL,  is  greater  than  or  equal  to 
N  dB. 


6.2.1  Frequency  Variation 

The  plots  of  Psll  vs*  elevation  angle  were  very  similarly  shaped  for  the  3 

« 

frequencies  tested. 

Both  sum  and  difference  plots  showed  the  most  frequency  variation  at  50  dB 
SLL  at  .0°  and  20°  boresite  angles. 

6.2.2  0°  Boresite  PSLL 

The  PSLL  °f  greatest  concern  is  for  0°  boresite.  As  boresite  angle  increases, 
the  source  gets  closer  to  the  antenna  while  the  jammer's  distance  remains  the 
same.  Table  6.2-1  shows  the  probability  a  jammer  can  point  into  a  sidelobe 
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Table  6J-1.  P^u  for  0°  Boraslf  Anale 

%  of  Angular  Region  Where  Sll  i  N  dB 


Elevation  Angle 

0°  < 

N 

SUM 

Frequency 

14.5  15.0 

(GHz) 

13.3 

DIFFERENCE 

Frequency 

14.3  15.0  15.5 

32 

3 

•  0 

0 

3  3 

2 

35 

4 

2 

1 

8  4 

3 

40 

9 

3 

2 

30  26 

40 

45 

17 

8 

5 

48  44 

42 

50 

56 

17 

12 

66  53 

62 

N  dB  down  from  the  main  beam  at  0°  boresite.  Appendix  B  contains  the 
antenna  pattern  near  the  main  beam  at  0°  elevation. 

Figures  6.2-3a  aand  6.2-3b  show  the  P^ottec*  vs.  N  for  sum  and  difference 
patterns  at  0°  elevation,  13.0GHz  for  N  *  33,  40,  43,  and  30dB. 

6.2.3  Difference  And  Sum  Pattern  ^SLL  Comparison 

Note  for  the  differences  pattern  sidelobes,  the  PsLL  *or  eac^  SLL  (35,  40,  45, 
50  dB)  are  much  greater  than  for  sum  patterns.  The  rqajor  contribution  to 

I 

PSLL  *or  difference  pattern  sidelobes  is  centered  in  the  -165°  and  -165° 
regions.  Since  jammers  would  not  be  In  back  of  the  antenna  these  sidelobes  do 
not  make  the  antenna  more  vulnerable  to  jamming.  This  statistical  presenta¬ 
tion  of  data  does  not  descriminate  according  to  sideiobe  positions. 
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6*2.8  Elevation  Patterns 

Appendix  B  shows  elevation  patterns  of  the  dish  with  focused  feed* 

6.2.5  Primary  Patterns 

The  primary  patterns  appear  in  Appendix  B. 

6.2.6  Gain 

Antenna  gain  was  4QdB.  Gain  can  be  improved  by  optimizing  feed. 

6JL7  Null  Depth 

Appendix  B  shows  null  depth  variation  with  frequency. 

7.0  CONCLUSIONS 

7.1  MOVING-FEED-OFF-FOCUS  SCAN 

The  elevation  patterns  for  0°,  10®,  20°,  32°,  and  40°  elevation  boresite  angles 
roughly  match  the  CSC^Q  curve.  At  45®,  the  elevation  pattern  is  3  dB  below 
that  curve.  Consequently,  scanning  by  moving  the  feed  provides  adequate  gain 
to  meet  a  CSC*©  scanning  requirement  from  0°  to  40®.  Improvements  (see 
Section  8.1)  may  extend  the  elevation  scan  angle. 

For  the  sum  port,  the  greatest  position  where  there  is  the  probability  a 
jammer  can  point  into  a  side  lobe  level  of  either  35,  40,  45,  or  50  dB  down 
from  the  peak  of  the  main  beam  is  at  the  0°  elevation  angle.  These 
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probabilities  ere  given  in  Section  6.1.  For  the  difference  port,  the  correspond 
ing  probability  seems  to  increase  with  elevation  angle. 

7.2  TRADITIONAL  SCAN 

o  Tilting  the  entire  antenna  to  scan  in  elevation  means  gain 
does  not  change  with  a  change  in  elevation  angle.  This 
readily  meets  elevation  gain  requirements. 

o  The  elevation  angle  of  most  concern  is  0°.  Table  6.2-1  and 
Figures  6.2- 3a  and  6.2-3b  show  sidelobe  information  for  this 
angle.  For  example,  at  15.0  GHz,  in  only  S  percent  of  the 
angular  region  the  sidelobe  level  is  less  than  45  dB  below  the 
peak  of  the  main  beam. 

o  Sidelobe  level  variation  over  the  14.5  GHz  to  15.5  GHz  band 
is  not  significant. 

o  The  percent  of  the  angular  region  where  a  given  sidelobe 
level  is  exceeded  is  greater  for  difference  pattern  than  for 
sum  patterns. 

o  Large  proportions  of  the  difference  pattern  PsLL  *re  from 
far-out  sidelobes  regions  unexposed  to  jamming. 
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The  implications  of  these  sidelobe  date  on  system  performance  is  a  topic  of  a 
further  study. 

7JI  IMPROVING  PERFORMANCE 

The  moving -feed  technique  used  a  different  feed  than  the  one  used  for  the 
traditional  technique.  For  the  moving  feed-off-focus  technique*  the  first 
sidelobe  level  was  31  dB  below  (Appendix  B)  the  peak  of  the  main  beam.  For 
the  traditional  technique*  it  was  28  dB  below  the  peak  of  the  main  beam. 
Optimizing  the  feed  and  focusing  it  extremely  carefully  should  reduce  this 
first  sidelobe.  Additionally*  designing  the  feed  to  meet  the  values  indicated  in 
section  3.2  should  deepen  the  difference  in  null  depth. 

8.0  RECOMMENDATIONS 

The  traditional  elevation  scanning  method  (tilting  the  whole  antenna)  has 
advantages  over  the  moving-feed-off -focus  method. 

o  The  traditional  method  has  no  problems  associated  with 
moving  a  feed  and  attached  cables  along  a  complex  path. 

o  The  elevation  pattern  using  the  traditional  method  is  the 
same  tor  all  elevation  scan  angles.  (See  Appendix  B  for 
pattern).  Thus  for  all  angles  the  traditional  method  exceeds 
the  elevation  gain  requirement.  The  moving-feed  method 
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presently  did  not  moot  elevation  gain  requirements  beyond 

%0O. 

*.1  MOVING-FEED-OFF-FOCUS  TBCHMQUB 

o  ThU  technique  requires  more  experimental  and  theoretical  work  to 
determine  the  locus  of  points  ter  the  feed  locations  providing  the 
highest  gain  ter  each  elevation  angle.  As  discussed  In  Section  M, 
engineers  found  a  second  curve  or  locus  of  points  for  feed  positions 
for  various  elevation  angles.  Further  investigation  of  this  and 
other  feed  position  curves  is  needed. 

o  Engineers  should  optimise  the  teed  to  improve  gain. 

Following  both  these  recommendations  might  extend  the  elevation  angle  over 

which  the  moving-feed  technique  is  applicable. 

o  Engineers  should  develop  a  mechanism  tor  moving  a  feed 
(with  attached  transmission  line)  over  a  complex  curved  path. 

i.2  TRADITIONAL  TECHNIQUES  TILTING  THE  ENTIRE  ANTENNA 

o  Several  azimuthal  cuts  at  small  increments  around  0°  bore- 
site  are  needed  to  obtain  enough  data  for  a  good  estimate  of 
sidelobe  contour.  A  computer  plot  could  provide  these 
sidelobe  contours. 
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o  Engineers  should  redesign  the  feed  lot  greater  null  depth  end 
improved  gain. 

o  For  precise  sidelobe  v.  frequency  information,  engineers 

> 

should  investigate  sidelobes  as  frequency  sweeps  from  U.5  to 
15.3  Ghz. 

APPENDIX  A  -  RAY  TRACE/PATH  LENGTH  DIAGRAM 

(1)  Draw  rays  X3,  H2,  and  31  perpendicular  to  wavefront  W  and  striking  the 
parabola  at  points  1,  2,  and  3.  Those  rays  reflect  off  the  parabola  to 
form  triangle  ABC. 

(2)  Pick  a  point  P  roughtly  midway  along  AB{  then  draw  arc  A  with  radius 

1 

X3  +  P3  and  center  along  the  extension  of  line  C3  (dashed  line). 

(3)  Draw  arc  B  with  radius  P3  X3  -  H2  and  center  along  line  B2 

(4)  Finally  draw  arc  C  with  radius  P3  +  X3  -  VI  centered  along  line  B1 

Now  let  Q  be  the  single  point  where  all  3  arcs  nearly  intersect.  Then 
Q3  ♦  X3  a  Q2  +  H2  a  Q1  +  VI. 


( 
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Since  these  pith  lengths  ere  ell  equal,  rays  traveling  along  them  have  equal 
phase. 


eiQur*  A-i  n«y  Trace/Path  Langth  Diagram 

APPENDIX  B 


Figure  B-l  shows  azimuth  pattern  o£  focused  feed  used  for  moving-feed-off- 
focus  technique.  The  first  reference  mark  is  26  dB  below  the  peak  of  the 
beam;  the  first  sidelobe  level  is  more  than  31  dB  below  the  peak  of  the  beam. 
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ABSTRACT 


Recently  there  has  been  considerable  interest  In  extending  the 

/ 

/  scan  capability  of  reflector  antennas.  Shelton,  Rudge  and  Withers, 
Hung  and  Chadwick,  Hung  and  Mittra,  among  many  researchers,  have  shown 
that  wide  angle  scan  capability  can  be  achieved  by  using  feed  array 
consisting  of  many  feed  elements  (  as  opposed  to  a  single  feed) .  Up 

\ 

\  to  now,  no  sidelobe  level  requirement  has  been  considered  yet. 


In  this  paper,  it  will  be  shown  that  low  sidelobe  scanning  beams 
for  paijbolic  reflectors  can  be  achieved  by  using  feed  array  with 
tandomly  arranged  orthogonal  matrices.  The  matrix  immediately  behind 
the  feed  array  transforms  the  focal  field  to  match  the  aperture  plane 
distribution  including  both  amplitude  and  phase  distortions  induced  by 
the  feed  array  when  located  off-axis.  With  proper  amplitude  taper 
and  phase  compensation,  low  sidelobe  scanning  beams  can  then  be  realized. 
Feed  array  configurations,  orthogonal  matrices  and  secondary  far  field 


patterns  will  be  presented  in  detail. 


Y-, 

/ 


1.  Introduction 

Recently  there  has  been  considerable  Interest  in  extending  the**”*  ? 
scan  capability  of  reflector  antennas  to  many  beamwidths  from  the 
boresight  direction.  Rudge  and  Withers  first  showed  experimentally*’'' 
that  scan  angles  of  up  to  fifteen  beamwidths  can  be  achieved  with  lffcYle 

■V, 

pattern  degradation  and  minimal  gain  loss  by  correcting  the  phase  0r- 

the  spatial  Fourier  transform  of  the  distorted  focal  region  field. 

2 

Hung  and  Chadwick  then  developed  a  general  technique  to  correct  the 
phase  distortion  in  the  off-axis  beams.  In  this  paper,  it  will  be 
shown  that  low  sidelobe  scanning  beams  for  parbolic  reflector  can  be 
achieved  by  using  a  particular  f anally  of  multiple  beam  array  as  the 
feed  of  the  reflectors.  Feed  array  configurations  and  the  determina¬ 
tion  of  feed  element  weights  are  first  discussed.  Computed  results 
are  then  presented.  Some  comments  on  the  future  work  and  conclusion 
are  given  in  the  end. 


2.  Feed  array  and  Aperture  Plane  Distribution 

The  feed  array  used  in  the  present  work  is  a  two  dimensional 

2 

equilateral  triangular  array  with  RN  elements  where  R  and  N  are  integers 

and  N(R+l)/2  is  also  an  Integer.  An  array  with  R  ■  3  and  N  *  3  is 

2 

schematically  shown  in  Fig.l  .  This  RN  triangular  array  will  produce 
2 

RN  simultaneous,  orthogonal  beams  in  space.  The  analysis  and  synthesis 
2 

of  this  RN  multiple  beam  array  family  has  been  carried  out  by  J.  L. 

14  5  2 

McFcrland  *  ’  tv,.  nf  .h...  dm  .4^.1  4. 


The  distribution  of  these  RN  simultaneous  beams  in 


<u',v')  space  produced  by  thp  RN  trianaular  arrav  is  also  an  equilateral 


1  ■— — 


triangular  array  where  u'«  sinOcost  and  v'-  ain0cos$.  Fig. 2  shows 
tha  distribution  of  27  baama  (  R  »3  and  N  *3  )  in  (u',v')  space. 

Let  tha  location  of  array  element  be  (x,y)  ■  (ms/2,n/T  a/2)  where 
s  is  tha  side  of  aquilataral  triangle.  Tha  correct  phase  for  each 
alaaent  to  produce  a  beam  vhoaa  peak  is  at  (u'^v')  -  (pi,q/7  l)  , where 
l  ■  2x/RNks,  Is  given  by 

m  [<“-”«>  (P-Po)  +  »*»  -  V>  w  "  V8 

where  a  ,  n  ,  p  and  q  are  tha  bias  to  determine  the  phase  center 
o  o  o  o 

in  (x,y)  and  (u* .v* )  apace.  The  pattern  of  beam  pq  Is  than  given  by 

Epq  ■  Sn  **  {Jx  [<“  -»o>”  *  1  *S|}  Emn 

where  E  is  tha  alaaent  pattern  of  the  element  located  at  (x,y)  - 

an 

(as/2,  n/Ts/2). 

The  complete  feed  structure  is  shown  in  Fig. 3  .  At  eahe  port 
2 

of  the  RN  multibeam  array,  there  is  also  a  complex  weight  to  provide 

2 

both  amplitude  and  phase  correction  for  each  beam.  All  these  RN  ports 

are  summed  up  to  produce  one  single  port.  The  element  pattern, 'E  , 

ran 

is  ,  in  general,  of  broad  beamwidth  and  hence  illuminates  the  whole 

parabolic  reflector.  The  beam  pattern,  E  ,  however,  is  of  narrow 

beamwidth  and  illuminates  only  a  portion  of  the  parabolic  reflector. 

2 

If  RN  is  sufficiently  large,  each  beam  will  just  illuminate  a  small 
portion  of  tho  parabolic  reflector.  The  phase  distortion  in  each 
beam  and  r.he  amplitude  variation  between  each  beam  can  then  be  corrected 
by  using  the  complex  weight  at  each  port.  In  addition  to  correct 
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triangular  array 


Fig. 3  RN  triangular  array  as  feed  for  parabolic  reflector 


the  amplitude  and  phase  distortion,  the  complex  weights  can  also  be 

used  to  control  the  aperture  plane  distribution.  In  Fig. 4  only  one 

beam  from  the  feed  array  is  shown  to  illustrate  how  to  determine  the 

complex  weights.  The  complex  weights,  w  ,  to  correct  the  amplitude 

P<1 

and  phase  distortion  can  be  considered  as  consisting  of  two  parts  : 

(1)  the  coma  weights,  WC  ,  which  corrects  the  distortion  due  to  high 

pq 

order  terms  in  the  phase  distribution  (  mainly,  the  coma  distortion) 

and  (2)  the  taper  weights  ,Wt  ,  which  yields  the  correct  tapered 

P«1 

distribution  on  the  projected  aperturo  plane  which  is  perpendicular 

c  t 

to  the  direction  of  scan.  V  is  then  the  product  of  W  and  W 

pq  pq  pq 

The  coma  weights,  W  ,  are  obtained  by  the  method  of  complex  conjugate 

matching, i.e.  the  weights  ,W^  ,  are  equal  to  the  complex  conjugate 

of  the  focal  region  distribution  at  the  feed  location^  .  The  taper 

weights,  ,  in  the  present  work,  are  determined  by  tracing  the  opitcal 

ray  of  the  beam  peak.  As  shown  in  Fig. 4  ,  the  ray  going  through  the 

beam  peak  reaches  the  reflector  at  (x  ,y  ,z  ).  This  point  is  then 

r  r  r 

projected  to  the  aperture  plane  which  is  perpendicular  to  the  direction 
of  scan.  Let  the  projected  point  be  denoted  as  (x  ,y  ,x  ).  The 
desired  distribution  on  the  aperture  plane  can  be  any  distribution 
so  long  the  distribution  selected  can  produce  the  desired  sidelobe 
level.  In  present  work,  zero  order  Sonine  circular  aperture  distri¬ 
bution  is  selected.  For  different  sidelobe  level,  only  the  constant 
in  the  Sonine  distribution  needs  to  be  changed.  The  location  of 
(x  ,y  ,z  )  determines  the  taper  weight  for  beam  pq. 
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Fig. 4  Beaa  PQ  and  tapered  aperture  distribution 


The  com  weghts  done  should  produce  a  uniform,  constant  phase 
aperture  plane  distribution,  if  the  number  of  beams  is  sufficiently 
largo.  The  taper  weights  then  change  the  aplltude  distribution  of 
the  aperture  plane  distribution  from  uniform  to  a  tapered  one  to 
produce  lov  sidelobe  pattern. 

3.  Computed  Results 

Computer  programs  have  been  developed  to  compute  the  secondary 

2 

far  field  pattern  of  the  reflectors  with  RN  triangular  array  as  feed. 
The  mmerical  technique  used  in  the  computer  program  is  the  recently 
developed  Fourier-Bessel  series  representation  technique  In  this 

Fourler-Bessel  technique  the  Integrand  in  the  physical  optics  integral 
is  first  expanded  into  a  two  dimensional  Fourier  series,  of  which  the 
coefficients  can  be  found  very  efficiently  using  the  well  established 
Fast  Fourier  Transform  algorithm.  The  Integration  is  then  carried  out 
analytically.  This  new  numerical  technique  is  versatile,  fast  and 
economical  to  use. 

Fig. 5  shows  the  on  axis  secondary  far  field  pattern  using  different 
number  of  feed  elements.  The  reflector  diameter  is  360  inches,  fr>cal 
length  is  172.9  Inches  end  is  operating  at  15  Gh*.  The  numbe :  of 
feed  elements  shown  in  Fig. 5  is  12,27,48,75  and  1CB  (  R  ■  3  sud  N  ■  2, 
3,4,5  and  6).  The  spacing  is  all  five  feed  arrays  is  0.6  iuches. 

With  this  array  spacing,  all  the  beams  produced  bv  the  feed  array  just 
cover  the  whole  reflector.  In  the  esse  of  27-element  fee.d  array,  the 
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beam  distribution  it  shown  In  Fig. 2  .  Thsrt  srs  sons  grit In*  lobes 
in  the  real  specs ,  but  none  on  the  reflector.  The  individual  feed 
element  used  is  the  TK^  node  long  conical  born,  of  which  the  radiation 
pattern  can  be  found  in  Reference  7.  k  -30  dB  aidelobe  level  la  desired 
in  this  case.  However,  froa  Fig. 5,  a  aidelobe  level  of  *25  db  is 
achieved.  It  is  interesting  to  note  that  once  the  number  of  feed 
alaaents  reaches  27,  the  sldelobe  level  does  not  change  substantially 
with  increslng  nunber  of  feed  alaaents. 

In  Fig. 6  ,the  sane  reflector  and  feed  arrays  as  those  in  Fig.S 
are  used,  but  with  the  bean  scanned  to  two  degrees.  In  terns  of 
beanwidth  (which  is  1/D),  thia  la  a  caae  of  16  beanwidth  scan.  Fig. 6 
(a)  gives  the  pattern  in  the  plane  of  scan  and  Fig. 6  (b)  gives  the 
pattern  in  the  plane  which  is  perpendicular  to  the  plana  of  scan. 

Here,  again,  a  -30  dB  aidelobe  is  desired.  Fron  Fig. 6  ,  the  scan  loss 
is  almost  none  and  the  sldelobe  level  of  -23  dB  is  achieved  if  106  elements 
are  used.  However,  for  a  aidelobe  level  of  -20  dB,  only  27  elements 
are  needed. 

For  a  beam  scanned  to  four  degrees  (32  beaasrldths)  with  the  seise 
reflector,  the  pattern  is  shown  in  Fig. 7.  The  scan  loss  is  about  2  dB 
in  this  case.  Except  for  12-elenant  feed  array,  a  sldelobe  level  of 
-20  dB  Is  achieved.  The  larger  number  of  feed  elements,  the  narrower 
beam  width  and  hence  higher  peak  gain.  Just  as  in  the  previous  two 
cases,  the  sldelobe  level  does  not  reduce  substantially  with  increasing 
number  of  feed  elements. 

Ii.  the  fi.brt?e  three  cases,  the  feed  array  shadow  blockage  is  consir 


(a)  pattern  in  -he  plane  of  scan 

(b)  pattern  in  the  plane  perpendicular  to  the  plane  of  scan 
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Fig. 7  Secondary  pattern  using  different  nunber  of  feed  elements.  4.0  degree 

n*  360”  F/0=  0.48  Freq*  15  Ghz  Array  spaclnga  0.6” 

U/  pattern  in  the  plane  of  scan 

(b)  pattern  in  the  plane  perpend! cu1 ar  to  the  plane  of  scan 


dered  in  the  computation.  For  the  case  of  108-element  feed  array, 
the  diameter  of  the  circle  that  just  covers  the  feed  array  is  only 
3.6  inches.  Compared  with  the  reflector  diameter  of  360  Inches,  the 
effect  of  blockage  is  not  significant. 

A.  Comments  and  Conclusion 

It  has  been  shown  that  low  sidelobe  scanning  beams  fcr  parabolic 

2 

reflectors  can  be  achieved  by  using  the  RN  multiple  beam  triangular 
array  as  feed.  Much  more  work  still  neeas  to  be  done.  The  way  to 
determine  the  taper  weights  should  be  improved.  Instead  of  just  using 
optical  rays  to  determine  the  location  of  primary  beam  peaks  to  deter¬ 
mine  the  trper  weights,  a  more  sophlscated  algorithm  should  be  developed 
to  Include  the  amplitude  and  phase  distortion  over  the  main  beam 
region.  Other  future  work  includes  :  (1)  the  effect  of  using  other 
desired  aperture  plane  distribution  ;  ( '  the  effect  of  the  array  spacing 
on  the  secondary  far  field  pattern,  especially  the  sidelobe  level;  (3) 
the  location  of  the  feed  array  for  scanning  beams  and  (A)  the  possible 
effect  of  feed  element  pattern  on  the  sidelobe  level  of  the  secondary 
far  field  pattern.  The  technique  presented  in  this  paper  can  also  be 
applied  to  other  type  of  reflectors,  such  as  spherical  reflectors. 

With  the  fast  and  economical  Fourier-Bessel  numerical  technique  now 
available,  the  above-mentioned  work  can  be  carried  out  without  incurring 
high  computational  cost. 
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1.0^  ABSTRACT 

Advanced  offset-fed  spacecraft  antenna  systems  are  being  de¬ 
veloped  for  the  National  Aeronautics  and  Space  Administration 
(NASA)  that  will  provide  multiple  radiating  fixed  spot-beams  and 
regional  coverage  scanning  beams  for  use  on  communications 
satellites  operating  in  the  30/20  GHz  frequency  bands.  Design 
concepts  under  development  utilize  two  separate  spacecraft 
antenna  systems,  one  uplink  at  30  GHz  and  the  other  a  downlink  at 
20  GHz,  where  each  antenna  provides  multiple  fixed  and  scanning 

beams.  ^ — y 

/ 

/ 


Parallel  contracts  were  awarded  to  the  Ford  Aerospace  and 
Communications  Corporation  and  TRW-Electronic  Systems  Group  to 
develop  the  Multibeam  Antenna  (MBA)  technology.  Both  contractors 
nave  completed  configuration  trade-off  studies  and  breadboarding 


of  critical  technology  components,  and  are  now  fabricating  and 
testing  proof-of-concept  (POC)  models  to  demonstrate  the  tech¬ 
nology  feasibility. 

Technology  developments  required  for  the  proposed  systems 
will  be  presented,  along  with  each  contractor's  progress  to 
date.  The  new  technology  development  areas  discussed  include: 

1)  Offset  Cassegrain  and  shaped  reflector  systems  for  narrow 
beams  with  low  sidelobes  and  wideangle  off-axis  scan. 

2)  Diplexed  beam  forming  networks  for  dual  polarization,  low 
sidelobes,  and  fixed  and  scan-beam  operation. 

3)  Fast  switching  networks  for  scanning  beams. 

4)  Fabrication  of  precision  feed  components  and  large  offset 
reflectors. 

(Another  paper,  "Application  of  MKIC  Modules  in  Future 
Multiple  Beam  Satellite  Antenna  Systems"  by  0.  Smetana  describes 
NASA's  investigation  of  MBAs  using  MMIC  feed  systems) 
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2.0  INTRODUCTION 

The  continued  rapid  growth  of  communications  message  traffic 
(voice,  data,  and  video)  requires  the  use  of  additional  satellite 
communications  frequency  bands  before  the  1990  decade.  The 
satellite  communications  bands  currently  in  use  at  4  and  6  GHz 
are  already  crowded  and  require  tho  implementation  of  operational 
systems  at  12  and  14  GHz.  With  the  present  constraints  on  the 
11.7  to  12.2  GHz  downlink  band,  market  study  projections  (con¬ 
tracts  NAS  3-21359  and  NAS  3-21366)  Indicate  a  band  fill-up  by 
the  1990  decade,  requiring  alternate  frequency  bands  for  expan¬ 
sion  of  satellite  services.  The  capacity  of  present  6/4  and 
14/12  GHz  satellite  communications  systems  are  constrained  by: 

o  Limited  bandwidth  available  in  these  frequency  bands. 

o  Large  beamwidths  resulting  from  reflector  size  constraints. 

o  Lack  of  flexibility  to  reconfigure  the  antenna  patterns  for 
more  efficient  use  of  RF  power  and  frequency  spectrum. 

o  Lifiiited  orbital  positions  available  for  satellite  operating 
in  C  and  Ku  band  frequencies. 

Thus,  the  next  higher  frequency  bands  allocated  for  this 
purpose  are  the  30/20  GHz  bands. 
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The  30/20  GHz  system  offers  2.5  GHz  bandwidth  for  both  uplink 
and  downlink  communications*  approximately  five  times  greater 
than  the  existing  6/4  and  14/12  GHz  systems.  More  importantly, 
it  permits  frequency  reuse  by  means  of  multiple  spot  beams  or 
shaped  beams  for  large  volume  trunking  service,  and  allows  mul¬ 
tiple  scanning  beams  to  serve  a  large  number  of  small  volume 
traffic  users  on  a  time  division  multiple  access  (TOMA)  basis. 

a- 

Current  NASA  sponsored  communications  R&D  Program  efforts  are 
aimed  at  developing  the  technology  required  for  commercial  30/20 
GHz  satellite  configurations  which  will  provide  both  trunking  and 
scanning-beam  service  applications.  The  trunking  beams  will  be 
directed  to  major  cities  of  the  Continental  United  States  (CONUS) 
for  large  volume  traffic,  and  the  scanning  beams  will  each  cover 
sectors  of  CONUS  for  individual  communications  services,  all  at 
minimum  RF  radiated  power  from  the  spacecraft.  Spacecraft  sys¬ 
tems  for  both  trunking  and  scanning-beam  services  are  being  con¬ 
figured  to  permit  maximum  frequency  reuse  for  conservation  of  the 
frequency  spectrum.  In  order  to  implement  frequency  reuse  for 
the  30/20  GHz  bands,  new  spacecraft  antenna  technologies  are  re¬ 
quired  wherein  a  number  of  independently  fixed  and/or  scanning 
beams  will  be  radiated  from  a  geostationary  satellite.  The 
efforts  described  in  this  paper  are  to  develop  and  demonstrate 
the  necessary  antenna  technologies  which"  will  permit  multiple 

i 
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beams  at  higher  frequencies  and  will  allow  maximum  frequency  re 
use  to  be  implemented.  Other  technology  areas  that  are  being 
pursued  under  separate  contract  efforts  for  the  30/20  6Hz  com¬ 
munications  satellite  program  include:  (1)  baseband  processor, 

(2)  IF  matrix  switch,  (3)  low  noise  receivers,  and  (4)  Rf  power 
amplifiers,  both  travel ing-wave-tube  (TWT)  and  solid-state  IMPATT 
and  GaAs  FET  transmitter  devices. 

The  multiple-beam-antenna  (MBA)  parallel  contract  efforts 
described  in  this  paper  are  being  conducted  under  NASA  contracts 
NAS  3-22498  with  the  Ford  Aerospace  and  Communications  Corpor¬ 
ation  (FACC) ,  Palo  Alto,  California  (Ref.  1)  and  NAS  3-22499  with 
TRW-Electron  Systems  Group  (ESG)  Redondo  Beach,  California  (Ref. 
2).  Both  contracts  were  started  in  July  1980  for  a  thirty-two 
(32)  month  period  of  performance,  with  the  efforts  funded  by  NASA 
Lewis  Research  Center  under  NASA's  Advanced  Communications  Pro¬ 
gram  Office. 

3.0  OBJECTIVES  ANU  REQUIREMENTS 

The  primary  objectives  of  these  contract  efforts  are  to  (1) 
perform  technology  trade-off  studies  of  multibeam  antenna  systems 
capable  of  providing  a  number  of  fixed  and  scanning  beams  from  a 
geostationary  communications  satellite  operating  at  the  30/20  GHz 
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frequency  bands,  (2)  evaluate  and  select  through  analytical  pro¬ 
grams  the  concepts  that  will  provide  optimum  performance  at  mini¬ 
mum  complexity,  weight  and  cost,  (3)  breadboard,  test  and  evalu¬ 
ate  those  items  that  are  considered  critical  technologies  in  the 
development  program,  (4)  fabricate  and  test  proof -of -concept(POC) 
model  antenna  systems  to  demonstrate  the  technology,  and  (5)  pro¬ 
vide  data  inputs  for  designing  flight  hardware  for  a  30/20  GHz 
Advanced  Communications  Technology  Satellite  (ACTS)  to  be  flown 
in  the  late  1980s. 

A  typical  spacecraft  configuration  for  a  30/20  GHz  communi¬ 
cations  satellite  system  might  look  as  shown  in  Fig.  1,  where  the 
smaller  antenna  system  would  provide  the  30  GHz  receiver  uplink 
and  the  larger  antenna  system  the  20  GHz  transmit  downlink.  Pre¬ 
liminary  NASA  trade-off  studies  of  multibeam  antenna  spacecraft 
configurations,  link  budget  gain  requirements,  terrestrial  system 
sizes  and  complexities,  and  proposed  cities  and  user  areas  to  be 
served,  indicated  that  these  antenna  systems  should  have  RF  gains 
on  the  oraer  of  SO-53  dB  (0.3  degree  beam  widths)  for  minimum 
cost  to  large  numbers  of  terrestrial  station  users.  These 
studies  also  indicated  that  spacecraft  sizes  and  weights,  based 
on  parkaging  within  the  shuttle  launch  vehicle,  should  be  limited 
to  reflector  sizes  that  are  a  maximum  of  14  feet  in  diameter, 
again  consistent  with  the  concept  of  high-gain  0.3  degree  beam- 
width  antenna  systems. 
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3.1  PROPOSED  ANTENNA  COVERAGES 


fig.  2  illustrates  one  of  the  antenna  coverage  scenarios 
contemplated  for  an  operational  cownuni cat  ions  satellite  system 
in  the  1990s.  There  are  18  fixed  beams  for  large  volume  traffic 
trunking  service  interconnecting  18  major  cities  of  the  CONUS. 
This  18-city  coverage  plans  would  provide  approximately  20  per¬ 
cent  ct  the  total  domestic  traffic  demand  in  the  United  States. 
The  remaining  80  percent  would  be  provided  to  the  small  terminal 
users  by  six  independently  scanned  beams,  each  scanning  within 
approximately  one-sixth  of  CONUS  on  a  TDMA  basis.  The  con¬ 
nectivities  between  the  small  terminal  scanning  be.:  s  .nd  fixed 
trunking  beams  are  provided  by  an  on-board  processor.  The  pro¬ 
posed  frequencies  and  coverage  plans  are: 

1)  The  allocated  2.5  GHz  bandwidth  for  both  uplink  and  downlink 
is  divided  into  five  subfrequency  bands.  Each  subfrequency 
band  has  500  Kiiz  bandwidth. 

2)  CONUS  coverage  is  divided  into  six  sectors  for  six  scanning 
beams.  The  selection  of  these  sector  boundaries  is 
arbitrary,,  depending  on  the  traffic  demand  in  each  of  the 
sectors  and  the  layout  of  fixed  and  scanning  beam  feeds. 
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3)  Within  the  same  scan  sector,  all  fixed  beams  could  be  co¬ 
polarized.  Widely  spaced  beams  with  good  spatial  isolation 
may  operate  at  the  same  frequency,  but  closely  spaced  beams 
must  operate  at  a  different  frequency  or  be  orthogonally 
polarized  to  prevent  mutual  Interference. 

4)  Fixed  and  scanning  beams  In  the  same  sector  could  be  of  the 
same  polarization  and  use  only  frequency  for  isolation,  or 
could  be  orthogonally  polarized  and  operated  at  different 
frequencies  to  achieve  additional  isolation  between  beams  in 
a  given  area. 

5}  The  respective  scanning  beams  in  adjacent  sectors  are  ortho¬ 
gonally  polarized.  Unless  two  scanning  beams  are  momentarily 
steered  to  the  vicinities  of  the  same  boundary  at  the  same 
instant,  combined  polarization  and  spatial  isolation  will 
provide  over  30  dB  isolation  between  two  scanning  beams. 

This  antenna  coverage  scenario  (TRW's  approach)  requires  two 
frequencies  for  fixed  trunking  beams  with  the  possibility  of  13 
times  frequency  reuse,  and  one  frequency  for  scanning  beams  witn 
six  times  frequency  reuse.  The  Ford  Aerospace  approach  uses  only 
one  frequency  for  fixed  beams  providing  18  times  frequency  reuse, 
and  one  frequency  for  scanning  beams  with  six  times  frequency 
reuse. 


589 


The  design  goals  for  the  antenna  performance  are  shown  In 
Table  1.  In  order  to  obtain  53  d8  gain  at  the  peak  of  the  beams 
a  four-meter  diameter  reflector  at  20  GHz,  and  a  three-meter  dia-, 
meter  reflector  at  30  GHz  are  required  to  produce  0,3  degree 
beams.  Also,  the  requirement  of  a  30  d8  carrier-to-interference 
( C/I )  ratio  requires  large  precision  offset  reflectors  for  low 
sidelobe  radiation. 


J.2  SELECTION  OF  ANTKNNA  CONFIGURATION! 

Various  antenna  configurat ion  were  considered  for  this  appli¬ 
cation*  including  lens,  reflector  and  array  antennas.  The  re¬ 
flector  antenna  approach  Mas  chosen  because  of  Its  light  weight, 
lower  cost,  wide  bandMtdth,  and  design  simplicity.  Particuiarily 
in  the  millimeter  frequency  range,  it  offers  the  advantages  of 
low  teed  network  losses  and  higher  efficiencies  compared  with  the 
lens  and  array  antennas.  Both  contractors  have  completed  exten¬ 
sive  computer  trade-off  studies  in  optimizing  the  RF  gains  for 
their  approaches.  Because  of  the  requirement  to  scan  t!2  by  *£> 
heamwidth  for  full  CONUS  field  of  view,  it  was  particularly 
important  to  minimize  the  scan  abberations  and  thus  the  scan 
losses  in  order  to  meet  the  beam  RF  gain  requirements.  Each  con¬ 
tractor's  approach  to  solving  these  complex  problem  areas  and 
their  progress  to  date  are  described  in  sections  4  and  5  of  this 
paper. 


4.0  FORD  AEROSPACE  (FACC)  MULTIBEAM  ANTENNA 

The  MBA  trade-off  analysis,  design,  and  performance  calcula¬ 
tions  have  been  completed  by  FACC.  The  selected  concept  consists 
of  an  offset  dual-reflector  microwave  optical  subsystem  with  feed 
array  and  multiple-port  beam  forming  network  (BFN)  (Fig.  3).  A 
unique  feature  of  the  FACC  concept  is  the  computer-aided  syn¬ 
thesis  of  shaped  main  and  subreflector  surfaces  to  minimize 
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abberations  over  the  required  12  beawwidth  CONUS  field  of  view. 

Scan  loss  performance  over  the  12  beamwidth  scan  area  is  less 

t 

than  1  dll.  ; 

-  v 

i 

The  algorithm  for  complete  synthesis  of  the  main  and  sub- 

l  \ 

reflector  surfaces  is  based  on  minimization  of  ray  path  length 
error  surfaces  for  several  specified  feed  (beam)  positions  in  the 

I  i 

•  j 

reflector  system.  Thus,  the  resulting  reflector  surfaces  are  not 

portions  of  a  figure  of  revolution  surface,  but  are  each  gener-  j 

ally  optimized,  doubly-curved  surfaces.  Furthermore,  the  feed 
array  surface  can  then  be  specified  as  to  size,  shape  (flat, 
doubly-curved,  etc.),  position,  and  orientation  with  respect  to 

t 

the  subreflectcr  surfaces.  The  dual  reflector  system  then  has  no 

I 

true  focal  point  at  the  zero  scan  beam  position  so  that  worst  j 

i 

case  defocusing  at  the  edges  of  the  scan  field  of  view  is  mini¬ 
mised.  Other  more  conventional  reflector  designs  based  on 
classical  optics  were  first  attempted,  prior  to  development  of 
the  doubly-curved  shaped  dual  reflectors;  however,  all  were  found 
to  be  less  desirable  due  to  their  higher  scan  losses  over  the 
t'ONUS  coverage  area. 

During  the  early  phases  of  the  two  parallel  contract  develop¬ 
ment  efforts,  TRW  and  FACC  indicated  that  both  the  20  GHz  and  dO  \ 

\ 
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GHz  antenna  systems  are  directly  scaleable  between  the  two  fre¬ 
quencies.  As  a  result,  FACC  selected  to  concentrate  their 
efforts  on  the  design  and  proof-of-concept  for  the  20  GHz  trans¬ 
mit  antenifa  system,  and  TRW  chose  to  develop,  fabricate  and  test 
the  30  GHz  receive  antenna  system. 


4.1  FEED  ARRAY 

.  •  4  .  *'  ■  ' 

Fig.  4  shows  the  FACC  CONUS  coverage  feed  array  for  a  20  6Hz 
operational  satel lite  NBA  system  that  develops  18  fixed  trunking 
beams  and  6  scanning  spot  bears.  The  BFN  lattice  array  as  shown 
uses  480  square  radiating  elements,  where  each  horn  is  two  (2) 
wavelengths  on  a  side.,  A  7-element  coherently-driven  horn 
cluster  for  each  beam  then  produces  the  0.3  degree  beam  with  the 
desired  low  sidelobes.  Eac  ■  small  horn  cluster  is  coherently 
excited  to  form  each  beam  via  a  microwave  power  dividing  circuit 
with  nonuniform  amplitude  and  pnase  coefficients  applied  to  each 
element.  For  example,  a  7-element  cluster  of  horns  is  typically 
chosen  with  the  central  element  given  most  of  tho  excitation 
power  and  the  six  surrounding  elmeehts  e&ch  given  a  weaker  por¬ 
tion  of  the  transmitted  power,  each  with  a  particular1  phase  value 

For  each  desired  fixed  beam  location  on  a  city  of  CONUS,  a 

» 

particular  cluster  of  feed  elements  must  be  excited  so  as  to 


shape  a  low  side lobe  envelope.  A  l-to-7  port  nonuni form  corpor¬ 
ate  network  is  designed  for  each  trunk  beam.  Since  offset  re¬ 


flectors  are  asymmetric,  each  beam 


network  cpef f tc tent  would 


appear  to  be  different  since  the  abberatlons  for  a  northeast  corner 


CONUS  beam  are  different  from  that  of  a  southwest  corner  beam, 
etc.  With  the  doubly-curved  surface  reflector,  however,  FACQ  has 
found  the  calculated  network  coefficients  to  be  Irtually 
identical  over  all  of  CONUS. 


For  the  scanning  beams,  each  scan  setter  contains  a  large 

1  ‘  _  i 

number  of  array  elements.  For  a  given  Instantaneous  scan 
secondary  beam  position  within  a  given  sector,  the  BFN  function 
is  to  interconnect  the  sector  input  port  to  a  particular 

1  i  \  (  i  ■  '  1 

/-element  cluster  of  the  elements  in  the  sector  array  such,  that 
the  required  beam  position  results.  Likewise,  for  the  next  de¬ 
sired  scan  beam  position  in  the  sector,  the  first  cluster  must  be 
disconnected,  the  second  cluster  of  seven  elements  connected  and 
the  amplitude  and  phase  coefficients  reset  to  achieve  the  new 
beam  position.  The  control  System  for  the  scanning  beams  will 
allow  any  one  uplink  or  downlink  beam  to  be  Independently 
sequenced  to  any  one  of  its  positions.  The  dwell  time  for  a  beam 
to  be  held  at  any  position  will  be  programmable  between  lOys  and 
lOOiis,  and  the  time  to  move  a  beam  to  any  other  position  will  be 
no  greater  than  SOU  Ns.  The  instructions  for  the  beam  scanning 


controller  Mill  be  supplied  by  an  onboard  computer.  To  accomp¬ 
lish  the  switching  and  provide  the  scanning  beams,  each  scan 
sector  contains  a  number  of,  array  elements  for  connecting  a  pre¬ 
selected  7-element  cluster  at  any  Instant. 

The  output  of  each  switch  tree  in  a  sector  (Fig.  5)  is  inter- 

( 

connected  by  a  single  8-1  corporate  tree  where  a  combination  of 
VPD  tree  output  ports  can  be  connected  to  any  ?-element  cluster 
in  the  sector  array.  Behind  each  element  Is  an  orthomode  junc¬ 
tion  with  two  ports  -  one  for  vertical  polarization  and  the  other 
for  horizontal  polarization.  Each  of  the  OHJ  ports  is  connected 
to  a  dlplexer.  Each  dip lexer  has  two  ports  -  one  for  the  fixed 
beam  band  and  one  for  the  scan  beam  band.  All  sector  scan  net¬ 
work  terminals  connect  only  to  the  scgfinlng  dlplexer  terminals. 
For  those  elements  contained  ir  a  fixed  beam  cluster,  the  fixed 
beam  band  dlplexer  port  Is  connected  to  a  fixed  beam  BFN  ter¬ 
minal.  Thus,  only  certain  elements  are  operating  as  both  fixed 
and  scanning  radiators.  All  of  the  elements,  however,  will  be¬ 
come  part  of  a  scan  beam  cluster  at  one  time  or  another^  . 

4.2  FACC  PROGRESS  TO  DATE 

Extensive  computer  analysis  trade-off  studies  have  been  com¬ 
pleted  for  both  the  operational  and  tne  experimental  spacecraft 
systems,  based  on  a  number  of  reflector  antenna  concepts.  These 
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included  the  offset  paraboloid  and  feed  array,  the  offset  Casse¬ 
grain  dual  reflector,  offset  Gregorian  dual  reflector  and  the 
offset  Scnwarzschild  dull  reflector,  each  with  feed  array.  Each 
of  these  types  of  focused  reflectors  was  optimized  by  minimiza¬ 
tion  of  calculated  ray  path  errors  for  various  extreme  beam 
positions  over  CONUS.  Atl  were  found  to  have  performance 
deficiencies  due  to  excessive  scan  beam  aberrations  over  CONUS, 
or  required  complex  curved  feed  arrays.  As  a  result,  the 
doubly-curved  shaped  dual  reflector  approach  employing  a  flat 
focal  field  was  developed  that  would  provide  off-axis  scan  with 
losses  of  less  than  1  dB  for  CONUS  coverage. 

Breadboarding  and  testing  on  development  of  critical  tech¬ 
nology  20  GHz  microwave  components  of  the  multiport  feed  array 
and  BFN  components  have  been  completed.  These  Include  the 
7-element  cluster,  OMJ,  diplexer,  power  dividers,  and  engineering 
model  ferrite  scan  beam  components,  namely,  ferrite  circulator 
switches,  variable  power  dividers  and  variable  phase  shifters. 

The  20  GHz  ferrite  components  are  being  developed  by  Electro¬ 
magnetic  Sciences  (EMS)  Corporation,  Norcross,  Georgia,  under 
subcontract  to  FACC. 

Fabrication  of  the  20  GHz  transmit  POC  model  MBA  is  how  in 
progress.  A  13.5  ft.  diameter  main  reflector  and  9.5  ft.  x  4.0 
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ft.  subreflector  are  under  construction*  with  fabrication  of 
aluminum  sector  plates  mounted  to  a  rigid  truss  structure  and 
milled  to  mirror  surface  tolerances.  Since  these  complex  re¬ 
flectors  are  not  surfaces  of  revolution,  their  design,  manu¬ 
facturing  and  optical  calibration  has  been  subcontracted  to  an 
optical  company  (Tinsley  Corooratlon,  Berkeley,  California)  for 
developing  the  high  precision  surface  areas.  Surface  tolerances 
are  expected  to  be  held  to  with  .003  Inches  RMS  over  the  re¬ 
flecting  surfaces  in  order  to  minimize  off-axis  beam  RF  losses. 

A  partial  feed  array  and  BFN  Is  being  fabricated  for  the  POC 
model,  where  this  subarray  can  be  manually  repositioned  during 
the  testing  program  to  check  all  of  the  fixed  beam  and  scan  beam 
positions.  The  POC  antenna  support  structure  is  now  In  fabrica¬ 
tion  by  FACC,  and  RMS  Is  under  subcontract  for  the  additional 
ferrite  switches,  variable  power  dividers  and  variable  phase 
shifters. 

The  FACC  anticipated  POC  BFN  component  performance  Is  given 
in  Table  2,  and  the  estimated  gain  performance  of  the  MtA  is 
given  in  Table  3. 
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5.0  TOW  HULT1BEAH  ANTENNA 

Thti  trade-of t  analysis,  design  and  performance  calculations 
have  been  completed  by  TRW  f or  the  MM  concepts,  where  the 
selected  approach  is  an  offset  Cassegrain  reflector  geometry 
with  two  Hyperbolic  subreflectors  stacked  to  form  a  double-layer 
bifocal  subreflector  system,  and  two  orthogonally  polarized  feed 

t 

assemblies  diplexed  by  the  front  wire-grid  subreflector  (Fig. 

6) .  Each  of  the  two  feed  assemblies  consist  of  multiple  fixed 
and  scanning  beam  feed  cluster  for  low  stdelobe  operation.  The 
uniqueness  of  this  arrangement  Is  that  it  enables  multiple  fixed 
and  scanning  beams  to  be  radiated  through  a  large  common 
aperture  and  permits  the  multiple  beam  feed  assemblies  to  be 
placed  close  to  the  spacecraft  body*  The  front  grldded 
polarizer  focuses  the  vertically  polarized  field  to  a  point 
located  on  the  right  side  of  the  parabolldal  axis  and  is  trans¬ 
parent  to  the  horizontally  polarized  field.  The  back  solid  sur¬ 
face  subreflector  focuses  the  horizontally  polarized  field  to 
the  left.  Thus,  two  orthogonally  polarized  feeds  are  completely 
separated  into  two  focal  point  fed  areas.  In  this  MBA  approach, 
the  high  gain  characteristics  of*  the  BN  compensate  for  the  In¬ 
crease  in  scan  loss  lor  off-axis  scanned  beams  when  using  the 
Cassegrains  paraboloid  reflector  approach. 

During  the  analytical  trade-off  studies*  two  separate  and 
complex  computer  programs  waN'esaid  to  evaluate  the  performance 


and  cross-check  the  results  of  this  coop) ex  antenna  system  -  a 
multireflector  ray  tracing  program  and  a  vector  diffraction  com¬ 
puter  program. 

The  ray  tracing  program  does  not  take  Into  account  the  edge 
diffraction  and  the  vector  nature  of  the  scattering  patterns. 
Nevertheless,  it  is  a  simple  and  useful  tool  for  determining  the 
subreflector  boundary,  best  feed  locus,  and  optimum  feed 
orientation  of  each  off-axis  scanned  beam  In  the  preliminary 
design  stage.  For  example,  to  Improve  the  Hide  angle  scanning 
capability  of  this  antenna,  the  subreflector  Is  substantially 
oversized  to  reduce  the  spillover  loss  from  the  main  reflector. 
Although  the  ray  tracing  program  provides  more  physical  Insight 
for  optimizing  the  reflector/feed  geometry,  the  analysis  could 
not  be  used  to  determine  the  best  feed  position.  As  a  result, 
the  vector  diffraction  program  using  physical  optic  (PO)  or 
geometric  theory  of  diffraction  (6T0)  analysis  was  used  for 
accurate  prediction  of  the  far-fleld  radiation  patterns.  And 
because  of  the  oversized  hyperbolic  subreflector,  the  PO  program 
with  the  capability  for  computing  scattered  fresnel  fields  was 
used  to  optimize  the  scanning  beam  performance. 


5.1  FEED  ARRAY 

Fig.  7  shows  the  TRW  vertically  po Ur ixed  CONUS  coverage 
feed  layout  for  a  oO  GHz  MBA  operational  spacecraft  providing  18 


fixed  trunking  be nos  end  6  scanning  spot  beans.  A  similar  type 
layout  will  provide  the  horizontally  polarized  scan  beans  and 
trunk  beans  In  the  alternate  sector  coverage  areas,  there  are 
three  types  of  feed  clusters  In  this  assembly:  multimode  coni¬ 
cal  horns  for  widely  spaced  trunking  beans,  dlplexed  circular 
horn  clusters  for  closely  spaced  cities,  and  an  array  of  square 
horns  for  scanning  beans. 

Since  the  low  sldelobe  beans  produced  by  two  adjacent  horns 
are  approximately  two  half-power  beanwldths  apart,  any  two 
cities  separated  by  less  than  two  beaamldths  must  use  a  cluster 
of  feeds  and  dlpiexers  to  obtain  the  overlapping  beans  unless 
they  are  orthogonally  polarized.  For  example,  a  16-element  di- 
plexed  feed  cluster  Is  being  used  to  obtain  three  contiguous  low 
sidelobe  beams  for  Boston,  New  York  and  Washington,  D.C  cover¬ 
ages  (Fig.  8).  The  beams  for  Boston  and  Washington  will  be  co¬ 
polarized  and  operate  at  the  same  frequency;  the  bean  for  New 
York  coverage  wi l I  be  at  a  different  frequency,  but  due  to  the 
close  proximity  of  the  three  cities  will  share  some  of  the  snae 
feed  horns  through  waveguide  uiplexers. 

The  scanning  beat'  beam-forming  network  (BFN)  is  the  more 
complex  of  these  three  types  of  feeds.  In  the  TRW  approach,  the 
feed  horns  and  the*  feed  network  are  divided  into  three  groups. 


601 


and  the  feed  horns  ere  arranged  in  an  equilateral  triangular 
lattice.  A  scanning  beam  can  be  f orated  In  the  reflector  by 
energizing  any  combination  of  three  adjacent  hems  In  the  array 
aperture.  Each  horn  ,  however,  can  only  be  energized  by  one  of 
the  three  8fN  branches,  with  the  other  two  adjacent  horns 
energized  by  the  other  two  branches,  Consequently,  for  the 
19-element  scan  bean  array  being  developed  for  the  POC  node), 
only  two  variable  power  dividers,  one  verlable  phase  shifter, 
and  21  circulator  switches  are  required  to  scan  a  bean  to  any 
location  within  the  scan  sector.  Because  of  the  reduction  in 
component  requirements,  this  feed  concept  will  roduce  the  RF 
Josses  as  well  as  the  power  consumption  In  the  driver  and 
control  electronics.  The  estimated  1ms  In  the  19-element  BFN 
In  2.8  dB. 

5.2  TRW  PROGRESS  TO  DATE 

TRW  has  also  completed  extensive  computer  analysis  trade-off 
studies  for  both  the  operational  and  the  experimental  spacecraft 
MBA  concepts  on  a  number  of  different  multireflector  antenna 
configurations.  These  configurations  Included  concepts  using 
four  separate  antenna  systems,  to  concepts  combining  both  the  20 
GHz  and  30  GHz  frequencies  Into  a  single  complex  antenna  system 
with  a  dichrolc  outer-ring  main  reflector  to  achieve  the  0.3 


degree  beeawldths  et  each  of  the  frequencies.  The  offset  Case* 
groin  with  the  double-layer  bifocal  subreflectors  end  separate 
20  GHz  end  30  GHz  antenna  systems  w«s  selected  es  the  optimum 
epproech  In  order  to  reduce  the  complexity  of  etch  polarized 
feed  cluster  end  minimize  the  overeU  losses  In  the  BFH.  The 
off-axis  seen  losses  et  *12  beeewldths  for  this  epproech  ere 
expected  to  be  epproxleetely  1.4  dB. 

Breadboard Ing  end  testing  of  the  critlcet  technology  mlcro- 
weve  components  et  30  GHz  hes  been  completed.  These  Include  e 
section  of  e  polarization  wire-grid  subreflector,  multimode 
houis  with  sldelobes  neer  -40  dB,  dlplexed  feed  cluster  for 
forming  three  contiguous  boons,  two  end  three  wey  power  divi¬ 
ders,  end  30  GHz  engineering  model  ferrite  cltculetor  switches, 
variable  power  dividers  end  variable  phase  shifters.  The  30  GHz 
ferrite  components  ere  being  developed  by  Electromagnetic 
Sciences  (EMS)  Corporation  under  subcontract  to  TRW. 

Fabrication  of  the  30  GHz  receive  POC  model  MBA  Is  now  In 
progress.  A  9.5  ft.  diameter  graphite  fibre  reinforced  plastic 
(GF|IP)  mein  reflector  with  surface  accuracies  of  .003  Inches  RMS 
has  been  completed.  The  solid  surface  and  wire-grid  subre¬ 
flectors  are  near  completion,  and  the  POC  model  support 
structure  weldment  assembly  Is  near  completion.  The  16-element 


dlplexed  feed  cluster  for  the  Boston/ftev  York /Washing ton  beams 
is  now  In  testing,  end  e  19-element  sc  inning  beam-forming  net¬ 
work  using  ferrite  switches*  power  dividers  end  phise- shifters 
is  now  under  subcontract  to  EN$.  These  component  esseeblles 
when  completed  will  be  assembled  Into  «  POC  model  that  will  be 
capable  of  producing  10  fixed  trunk  beams  and  1  scan  beam. 

These  horn  and  cluster  assemblies  will  be  relocatable  on  the 
feed  support  structure  in  order  to  test  alternate  beam  positions 
and  adjacent  beam  Interference  conditions* 

The  TOW  anticipated  POC  BFN  component  performance  Is  given  In 
Table  4,  and  the  estimated  gain  performance  of  the  W8A  Is  given 
In  Table  5. 
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6.0  POC  TESTING  PROGRAM 


Fabrication  of  the  POC  models  by  the  contractors  will  be  com¬ 
pleted  during  October-November  1982.  Far-fleld  (F-F)  range 
testing  at  the  contractors'  facilities*  for  various  levels  of 
testing  and  beam  configurations  (trunk  beams  only*  scan  beams, 
and  combined  testing),  will  be  conducted  during  the  period 
October  1982  through  April  1983. 

On  delivery  of  the  POC  models  to  the  NASA  Lewis  Research  Center 
in  June  1983,  verification  testing  will  be  conducted  In  NASA's 
near-field  antenna  test  range  as  part  of  the  overall  30/20  GHz 
communications  satellite  feasibility  program  to  provide  data  for 
design  of  flight. hardware. 

7.0  CONCLUSIONS 

Multiple  fixed  and  scanning  beams  can  be  radiated  effectively 
through  a  large  common  aperature  by  means  of  offset  fed  multi- 
ref  lector  antenna  arrangements.  The  technologies  required  for 
successful  spacecraft  MBA  systems  have  been  validated  by  fabrica¬ 
tion  and  testing  of  breadboard  hardware  In  the  critical  tech¬ 
nology  areas.  Proof-of -concept  models  are  now  being  fabricated 
under  parallel  contrect  efforts,  using  two  distinctly 
different  approaches  to  offset-reflector  technologies  In  demon¬ 
strating  multi  beam  antenna  capabilities.  Current  development 
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efforts  will  culminate  In  extensive  range  testing  and  evalua¬ 
tion,  and  Mill  conclude  with  detailed  technical  reports  and  re¬ 
commendations  on  multibeam  spacecraft  antenna  systems. 

Continuations  of  advancements  In  multibeam  antenna  tech¬ 
nology  beyond  the  efforts  described  In  this  report  are  now  In 
process  at  NASA  that  will  Initiate  phased  array  feed  networks 
for  offset-fed  multireflector  antenna  systems  where  feed  arrays 
are  composed  of  distributed  monolithic  amplifier  devices.  These 
future  technology  approaches  will  reduce  the  spacecraft  BFN 
losses  and  provide  higher  overall  spacecraft  efficiencies  for 
improved  advanced  communications  links. 
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INSTANTANEOUS  POLARIZATION  MEASUREMENT  SYSTEM 


William  McNiul 
Cubic  Corporation 

ABSTRACT 

This  paper  describes  a  technique  for  measuring  the  polarization  of 
pulsed  RF  radiations  arriving  at  a  collection  antenna  which  is  separated 
from  th  *  receiver  system  by  a  single  RF  channel.  The  technique  shows  how 
new  technological  advances  in  microwave  solid-state  devices  and  micro¬ 
processors  may  be  applied  to  the  field  of  microwave  propagation  measure¬ 
ments. 


i.0  INTRODUCTION 


The  literature  [11,  [2]  describes  several  methods  for  measuring  RF 
polarization  in  a  laboratory  environment  where  the  radiation  can  be 
controlled  by  the  experimenter.  Consider,  however,  the  situation  where  RF 
pulse  width,  frequency,  PRI  and  time  of  arrival  is  random.  Whin  the 
measurement  conditions  are  further  complicated  by  the  presence  of  a  single 
RF  path  between  the  antenna  and  receiver  system,  ail  traditional 
polarization  measurement  schemes  must  be  discarded. 

A  system  for  the  measurement  of  RF  field  polarization  under  these 
conditions  is  presented  here.  By  quantizing  the  polarization  into  seven  basic 
states,  this  technique  overcomes  the  difficulties  nposed  by  random  RF 
parameters  and  single-channel  transmission. 
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1.1  THEORETICAL  BACKGROUND 


The  E-fitld  of  an  arbitrary  RF  wav*  traveling  in  the  ♦!  direction  may  oe 


E  •  SvaX>ghQy 

where  2V  »  Ev  Cos  (wt  ♦  av) 
Eh  *  Eh  Cos  (wt  ♦  Offo) 


Ev  and  E^  are  the  phasor  representations  of  the  RF  field  oriented  vertically 
and  horizontally,  respectively.  They  carry  the  relative  amplitude,  M,  and 

relative  phase,  A  0  of  the  :wc  selected  orthogonal  components  of  the  RF 

\ 

wave  such  that* 


and 


M  *  20Lcg^y 

fih 

A0-  ov-oh 


(2) 

(3) 


A  useful  graphic  representation  for  the  polarization  of  an  RF  wave  is  shown 
in  Figure  la.  Here,  relative  phase,  relative  amplitude,  and  other  special 
polarization  parameters  such  as  axial  ratio,  polarization  ellipse,  slant  and 
sense  are  presented. 


Figure  la  Polarization  Chart  Bagkwia 
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The  labeled  sections  In  Figure  la  show  regions  corresponding  to  six  of  the 
seven  quantised  values  of  polarisation  used  by  this  system.  Values  for 
relative  phase,  a#,  and  relative  amplitude  UMd  to  specify  these  regions  are 
shown  in  Table  1. 

Table  1.  Values  for  Relative  Phase  and  Amplitude 


Region 

Polarization 

Ad 

M 

A 

Horizontal 

X 

<  -4dB 

B 

Slant 

0®  a  22.3® 

OdB  ±  4dB 

C 

RHCP 

90°  a  ?2.3° 

OdCatdB 

D 

LHCP 

270®  ±22, 30 

QdbatdB 

E 

Slant  -43 

180®  a  22.3® 

OdBatdB 

F 

Vertical 

X 

>  +4dB 

The  shaded  regions  among  the  six  basic  polarisations  correspond  to  a 
seventh  indeterminate  state. 

Figure  lb  shows  that  regions  C  and  D  closely  approximate  the  industry-wide 
accepted  standard  of  "good**  circular  polarisations  axial  ratio  equal  to  or 
less  than  3dB.  This  "good"  circular  polarization  region  is  shown  as  a  circle 
concentric  with  the  graph  and  centered  in  region  C  and  D  for  right  hand  and 
left  hand  circular  polarization,  respectively. 


/ 


Ptgurt  1b  "Good  CP* 
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12  ANTENNA 

The  effectiveness  of  s  polarisation  measurement  scheme  relies  on  the 
precision  of  the  phase  and  ampiitv«ie  tracking  of  the  orthogonally  oriented 
collection  antennas.  The  system  discussed  here  uses  a  parabolic  reflector 
fed  by  a  crossed,  log-periodic  dipole  for  the  lower  microwave  frequencies 
through  C-band.  However,  for  X-  and  K-barid,  the  dose  phase  tolerances 
necessary  are  achieved  with  a  quad-ridged,  dual-polarized  horn  feeding  a 
parabolic  reflector. 

Figure  2  shows  the  pha^e  and  amplitude  tracking  01  the  high-band  antenna  in 
the  region  of  the  main  beam.  Note  that  the  progressive  phase  shift  with 
frequencies  is  due  to  a  slight  off-set  in  the  feed  probes  of  the  horn.  This 
phase  error  may  be  partially  corrected  by  adjusting  the  differential  feed  line 
length. 

\ 

1.3  RF  MULTIPLEXING 

Recent  advances  in  the  design  of  pin-diode,  single-pole-doubk -  throw,  RF 
switches  provide  the  basis  for  this  instantaneous  polarization  measurement 
system.  With  switching  speeds  approaching  the  10ns  range,  it  is  now 
possible  to  share  a  common  RF  channel  between  two  orthogonal  antennas 
and  never  be  "blind"  to  either  polarization  for  mote  than  100- 200ns.  For 
example,  toggling  rapidly  between  vertically  and  horizontally  polarized 
feeds,  two  orthogonally  polarized  samples  of  a  very  short  RF  pulse  may  be 
sent,  time  multiplexed,  through  a  single  RF  channel. 
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The  recovery  of  relative  phase  and  amplitude  of  the  two  orthogonal 
components,  thereby  measuring  the  polarization,  is  simplified  by  using  a 
nonsym metrical  toggling  duty  cycle*  This  system  uses  a  sequence  where  the 
horizontal  transmission  period  is  twice  the  vertical.  If  the  period  of  vertical 
transmission  is  designated  as  r  ,  then  one  complete  switching  cycle  is  a 
sequence  of  three  periods  or  states  each  t  long. 

The  RF  waveform  traveling  down  the  single  RF  channel  carries  with  it  a 
complex  modulation  consisting  of  amplitude  modulation,  phase  modulation 
or  a  combination,  depending  on  the  polarization  of  the  intercepted  RF 
radiation. 

Pure  amplitude  modulation  results  from  a  vertically  or  horizontally 
polarized  wave,  whereas  slant  -45°  would  produce  phase  modulation  with  no 
amplitude  modulation.  Since  polarization  is  generally  elliptical,  amplitude 
modulation  and  phase  modulation  exist  together. 

1.4  VIDEO  DETECTION 


Figure  3  illustrates  a  detection  scheme  preserving  amplitude  and  phase 
modulations  while  providing  a  unique  method  for  quantizing  the  polarization. 
The  RF*  with  its  complex  modulation  is  split  into  two  sections!  an 
amplitude  detection  channel  and  a  phase  detection  channel.  The  amplitude 
detector  is  a  log  video  amplifier  which  has  a  voltage  output  porportional  to 
the  power  input  in  dBm.  The  phase  detection  channel  includes  a  polar 

*  Depending  on  the  receiver,  this  signal  also  may  be  a  broadband  or 
narrowband  IFl 
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discriminator  or  correlator  [3],  [4}  (a  device  present  in  ail  modern  day 
IFM  systems)  and  related  power  dividers  and  delay  line.  The  block 
designated  “clock  and  driver"  controls  the  switching  sequence-arid  provides  a 
reference  strobe  to  ensure  synchronous  detection  of  amplitude  modulation 
and  phai  e  modulation  so  vital  to  this  polarization  measurement  system. 


The  log  video  wave  form  for  a  predominately  vertically  polarised  RF  field  is 
shown  in  Figure  4.  Also  shown  is  a  replica  of  the  video  waveform  delayed  by 
r.  Figure  4  also  shows  the  strobe  provided  by  the  clock  and  driver  circuit. 
During  this  strobe,  the  relative  amplitudes  of  the  delayed  and  undelayed 
video  are  compared.  Note  that  a  comparison  is  made  every  r  seconds,  and, 
after  3  r  seconds,  the  comparisons  are  repeated.  The  first  strobe  or  sample 

t  -  i 

(sample  state  1)  finds  the  delayed  video  exceeding  the  undelayed  video  by 
+4dB.  This  results  in  a  binary  word  (see  Figure  5)  of  (10).  During  sample 
state  2,  the  video  amplitudes  are  equal  and  the  binary  word  for  amplitude  is 
(00).  During  sample  state  3,  the  complementary  condition  to  state  1  exists 
resulting  in  a  binary  (01).  A  similar  analysis  may  be  used  to  generate  a 
three-word  sequence  for  predominantly  horizontal  and  "other"  polarizations. 
These  sequences  are  tabulated  in  Table  2.  "Other"  corresponds  to  the 
condition  where  the  ratio  of  the  vertical  to  horizontal  amplitudes  does  not 
exceed  ±  4dB. 

Table  2.  Three-Word  Sequence  for  Peiarizations 
STATE  VERT.  HORIZ.  4  OTHER 


(10) 

(01) 

(00)1 

(00) 

(00) 

(00) 

(01) 

00) 

\Q0) 

3 


Figure  5  Raw  Gets  Word 
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It  the  Amplitude  binary  word  sequence  indicates  neither  vertical  nor 
horizontal  polarization  exists,  then  phase  modulations  must  be  examined  to 
quantize  the  polarization  into  one  of  the  remaining  senses.  The  "phase 
detection"  portion  of  the  block  diagram  accomplishes  this  task  (Figure  3). 

The  RF  (or  IF)  which  is  split  off  and  sent  to  the  phase  detection  circuitry  is 
split  once  again  into  two  paths.  One  path  leads  directly  into  the  reference 
port  of  the  correlator,  while  the  other  path  delays  the  signal  by  the  time 
r  prior  to  entering  the  correlator  test  port.  Figure  6  shows  the  undelayed 
and  delayed  RF  (IF)  envelope  at  the  correlator  inputs.  Note  that  the  delay 
of  r  lines  up  the  vertical  and  horizontal  signals  so  that  three  associations 
are  madet  vertical  with  horizontal,  horizontal  with  horizontal,  and 
horizontal  with  vertical.  Limiters  are  included  to  remove  all  amplitude 
Modulation. 

The  function  of  the  correlator  is  to  measure  the  relative  phase  between  the 
RF  signals  at  its  two  inputs.  The  correlator  has  four  outputs,  V|,  V2,  V3, 
and  V4  which  are  mathematically  reiated  to  the  relative  phase  of  the  RF 
inputs  as  follows: 


=  K 

(1  ♦  COS0) 

— 5 — 

(4) 

V2 

=  K 

(1  -  coso) 

2 

V3 

*  K 

(1  ♦  SIN0) 

V« 

a  K 

(1  -  SINC) 

625 
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These  expressions  when  plotted  together  vs  0  show  how  the  lull  340°  range 
of  0  may  he  partitioned  into  45°  sectors  which  are  defined  by  the  indicated 
comparisons  of  the  four  output  voltages  (see  Figure  7).  Those  comparisons 
are  performed  in  the  block  shown  in  Figure  3,  labeled  "phase  window 
detector,"  which  generates  a  three-bit  gray  binary  word  (see  Figure  5).  This 
binary  word  is  related  to  the  sector  as  shown  in  Figure  5. 

Because  the  delay  line  may  be  multiple  RF  wavelengths,  the  measured 
angle  0  is  related  to  the  polarization  angle  A  6  by: 

A6»0*36OTf  W 

The  unique  3 1  switching  sequence  eliminates  the  ambiguity  which  would 
result  because  of  the  second  term  in  equation  (5)  by  allowing  a  reference 
period  coinciding  with  state  2,  where  horizontal  is  compared  with 
horizontal.  For  example,  if  a  pure  right  hand  circularly  polarized  field  is 

i 

collected,  then  the  relative  phase  A  9  would  be  90°.  Assume  that  during 
state  1,  the  correlator  output  designates  sector  3  as  shown  in  Figure  6. 
During  state  2,  the  reference  state,  sector  1,  90°  away  would  be  designated. 
Because  state  3  is  the  reverse  condition  from  state  1,  the  sector 
corresponding  to  the  negative  of  state  1  will  be  chosen.  Thus,  a 
characteristic  pattern  for  each  of  the  four  nonvertical  or  horizontal 
polarizations  will  result  each  3r  cycle.  This  pattern  will  rotate  as  f  varies, 
but  will  otherwise  remain  unchanged.  Patterns  for  the  four  quantized  states 
are  shown  in  Figure  8. 
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Figure  3  shows  a  complete  raw  polarisation  data  word  which  is  upfetad 
•vary  r  seconds.  Note  that  the  "state  word"  is  essential  to  the  decoding 
process  which  is  parlor  wed  by  microprocessor  circuitry* 

*r 

1*5  DESIGN  PARAMETERS 

The  following  polarisation  measurement  system  parameters  are  important 
to  one  wishing  to  use  this  technique! 

(a)  Minimum  pulse  width  for  which  measurement  is  possible 

(b)  Minimum  PRI  or  system  recovery  time  after  polarization 
measurement  is  complete 

(c)  Polarization  quantization  accuracy 

The  minimum  pulse  width  depends  cn  the  overall  system  bandwidth  and  the 
switching  speed  of  the  pin  diode  switch.  For  instance,  if  r  is  30ns  then  a 
complete  switching  cycle  will  be  130ns  or  equal  to  a  switching  rate  of 
6.66MHz.  This  would  require  an  RF  (IF)  bandwidth  of  approximately  13MHz. 
Modern-day  pin  diodes  have  switching  times  of  10ns  end  may  be  switched  at 
greater  than  10MHz.  This  would  suggest  a  lower  pulse  width  limit  of  about 
30ns.  However,  pin  diode  switching  transients  lead  to  video  feed-through  of 
spectral  components  well  into  the  L-band  region.  Although  video 
feedthrough  may  be  reduced  by  filtering,  the  ultimate  minimum  pulse  width 
presently  seems  to  be  limited  to  around  130ns. 

Instantaneous  polarization  measurement  is  performed  in  two  steps,  the  first 
being  high-speed  collection  of  the  "raw  data"  words.  The  second  stage  is  the 
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transfer  of  this  data  to  a  microprocessor  at  a  slower  rate  dictated  by  the 
digital  logic  circuits.  Because  this  transfer  takes  place  between  pulses, 
sufficient  time  between  pulses  (PR1)  must  be  available.  In  general,  109  ns  is 
sufficient  to  transfer  Id  raw  data  words.  Normally,  only  three  of  these  data 
words  are  required  to  carry  all  the  polarisation  Information.  However,  more 
data  allows  statistical  analysis  to  refine  measurement  accuracy. 

Basic  polarisation  accuracy  is  directly  related  to  the  phase  and  amplitude 
tracking  of  the  antenna.  This  technique  further  adds  an  inaccuracy  due  to 

the  quantisation  process  in  me  phase  measurement  system.  Worst-case 

* 

error  for  phase  would  be  *22.5 1  however,  depending  on  the  RF  (IF) 
frequency,  this  tolerance  could  be  as  low  as  *0°.  The  result  is  that  at  some 
frequencies,  marginal  CP  or  slant  polarisations  may  be  quantised  as 
indeterminant,  while  at  other  frequencies  the  same  polarisations  would  be 
quantised  correctly. 

i 

1.6  CONCLUSION 

The  success  of  this  instantaneous  polarization  measurement  system  shows 
how  new  developments  in  other  fields  can  advance  state-of-the-art  in 
microwave  field  measurements.  The  new  high-speed,  pin-diode  switch  and 
compact  versatile  microprocessor  circuits  have  been  used  here  to  overcome 
obstacles  which  would  otherwise  have  rendered  polarization  measurement 
impossible. 
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I.  ABSTRACT 


Near-flsl 


has  become  a  rtalley  over  the  past  decade. 


( 


^  'Antenna  engineer!  in  esvsral\^a*ting  facilities  now  rely  on  neer-field  testing 
to  verify  antenna  performance.*^  Sow  of  the  sophisticated  antenna  systems 
H**!  which  sre  now  under  development  will  have  to  be  tested  using  near-field 
q  techniques,  as  conventional  techniques  cannot  offer  the  accuracy  required  for 
an  affordable  cost. 

o 

In  this  paper,  attention  la  focused  on  the  practical  aspects  of  near¬ 
field  antenna  testing  in  spherical  coordinates .  The  requirements  for  the 
antenna  range  and  the  antenna  testing  procedure  are  reviewed*  The  sources  of 
measurement  error  are  Identified  and  several  estimates  of  the  error  levels  are 
made.  Examples  of  near-field  test  results  are  compared  with  measurements 
taken  on  a  compact  range. 


TS 


II.  INTRODUCTION 


Near-field  antenna  testing  Is  an  alternative  to  conventional  far-field 
antenna  test  techniques.  La  both  conventional  and  near-field  antenna  testing, 
a  range  or  probe  artenna  (usually  the  transmitting  antenna)  is  used  to 
illuminate  the  antenna  under  test  (usually  the  receiving  antenna).  In 
conventional  far-field  testing  the  distance  between  the  range  and  the  test 
antenna  determines  the  extwnt  to  which  the  illuminating  field  approximates  the 
desired  plane-wave  illumination.  In  naar-fleld  testing,  the  finite  distance 
between  the  range  and  test  antenna  becomes  an  explicit  test  parameter.  The 
antenna  undar  taat  is  measured  using  the  uon-planar  naar-fleld  illumination; 

r 

calculations  performs'  *n  the  measured  data  yield  the  performance 
characteristics  of  the  test  antenna  under  the  condition  of  plane-wave 

*  i 

Illumination. 
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Several  major  drawbacks  exist  with  conventional  f ar-f laid  antenna 
testing.  Since  the  range  antenna  and  the  teat  antenna  must  be  separated  by  a 
conaiderable  distance,  an  outdoor  antenna  range  is  often  required. 
Consequently,  control  of  the  test  environment  is  poor.  The  antenna  teat  is 
subject  to  adverse  weather  conditions  and  test  measurements  are  corrupted  by 
range  reflections.  Also  a  sufficiently  large  tract  of  land  may  require  a 
large  financial  outlay. 

*  ■  * 

If  the  distance  requirement  permits,  conventional  testing  majMbe 
performed  in  an  Indoor  anecholc  chamber.  Indoor  testing  la  more  convenient 
than  outdoor  testing.  Stray  electromagnetic  reflections  are  controlled  . 
through  the  use  of  microwave  absorber.  Since  the  testing  is  moved  indoors, 
weather  conditions  no  longer  represent  a  problait.  Control  of  the 
environmental  temperature  and  humidity  provide  for  more  stable  and  more 
accurate  test  results.  The  cost  of  a  suitable  anecholc  chamber  can  bn  quite 
high,  however.  Since  the  quality  of  the  field  illumination  is  a  function  of 
the  separation  distance,  a  large  chamber  may  be  required  to  produce  acceptable 
test  results.  The  larger  the  chamber,  the  greater  the  cost  of  the  microwave 
absorber  which  suet  be  used  to  line  the  walls,  celling,  end  floor  of  the 
chamber.  Often  a  compromise  must  be  made  between  the  rise  of  an  anecholc 
chamber  and  performance  that  the  chamber  can  deliver. 

The  compact  range  test  method  was  invented  in  the  late  196C'e  to  overcome 
the  high  cost  of  indoor  antenna  measurements.  In  the  compact  range  a  large 
geometric  reflector  (usually  parabolic)  is  ussd  to  simulate  e  plane  wave  in  a 
portion  of  the  anecholc  chamber.  That  ie  to  say,  tha  large  reflector  acts  as 
an  antenna  whose  near-field  radiation  pattern  is  a  plane  wave.  The  test 
measurement  is  made  by  immersing  the  antenna  under  test  in  the  planer  near- 
field  of  the  large  reflector.  All  o?  the  edventegea  of  Indoor  tasting  apply 
to  testing  with  the  compact  range.  In  addition,  the  anecholc  chamber  which  is 
required  iq  smaller  than  that  required  for  conventional  far-fleld  tasting,  and 
cost  savings  become  apparent.  Tha  compact  ^ange  test  technique  does  have 
limitation^,  however.  The  sise  of  the  test  sons  in  which  the  field 
approximates  a  plane  wave  is  limited  by  the  sise  of  the  reflecting  surface. 
Dlffractioij  from  the  edges  of  the  reflecting  surface  becomes  e  problem  at  low 
frequencieq  of  operation,  whereas  tha  tolerance  of  tha  reflecting  surface 
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becomes  a  problem  et  high  frequencies  of  operation*  Another  limitation 
results  from  asymmetries  in  the  illumination  of  the  reflecting  surface.  This 
can  cause  depolarisation  of  the  test  field  which  results  lit  .degradation  of  the 
measurement  unless  a  special  compensating  reflector  feed  antenna  is  used. 

Near-field  testing  constitutes  a  second  alternative  to  conventional  far- 
field  indoor  testing.  Instead  of  physically  simulating  plane  wave 
illumination  via  a  large  reflector  as  in  the  compact  range,  near-field 
measurements  are  made  using  non-planar  illumination  of  the  test  antenna  in 
conjunction  with  a  numerical  computation  to  determine  the  calculated  result 
for  planar  illumination.  In  a  sense,  near-field  testing  numerically  simulates 
plane  wave  Illumination  of  the  test  antenna. 

A  primary  advantage  of  near-field  testing  is  the  ability  to  perform  the 
measurement  with  the  range  antenna  very  close  to  the  antenna  under  test.  This 
makes  the  size  requirements  for  the  anecholc  chamber  minimal.  Another  primary 
advantage  of  near-field  scanning  is  the  high  degree  of  accuracy  which  can  be 
achieved. I *1  A  disadvantage  of  near-field  testing  is  the  requirement  for  a 
computer  and  the  time  required  to  execute  the  computation  algorithm.  Due  to 
the  finite  speed  and  finite  memory  of  computers,  near-field  computation 
algorithms  are  limited  to  test  antennas  which  do  not  exceed  a  maximum 
electrical  size.  Maximum  capacities  tend  to  be  between  100  and  1000 
wavelengths,  but  practical  considerations  relating  to  the  amount  of  data  which 
must  be  collected  and  the  time  required  to  acquire  the  data  often  Impose  a 
more  severe  limitation  than  the  capacity  of  the  computation  algorithm.  Table 
1  is  a  comparison  of  the  range  configurations  which  have  been  discussed. ^ 
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Tibia  1 

Comparison  of  infsmns  That  lwf>a 


Conventional 

Outdoor 

Conventional 

Indoor 

Comoact  l  arm 

Near-Plaid 

Indoor 

Land  Investment 

-  High 

Low 

Lew 

Low 

Building  Investment 

Low 

High 

Moderate 

Moderate 

Special  Equipment 

Nana 

Mena 

Reflector 

Computer 

Convenience 

Poor 

Good 

Good 

Good 

Control  of 

Test  Environment 

Poor 

Good 

Gocd 

Good 

Control  of 

Stray  Signals 

Poor 

Good 

Good 

Good 

Overall  Accuracy 

Moderate 

Good 

Good 

Excellent 

Data  Processing 
Required 

No 

No 

No 

Ye* 

Limitation* 

Rang*  Length 
Stray  Signals 

Rang*  Length 

Teet  Aperture 
Teat  Frequency 

Electrical  Sis* 
of  Antenna 

III.  SPHERICAL  NEAR-FIE1D  TEST  PROCEDURE 

In  convantional  antenna  dating,  the  matured  raaulta  are  normally 
expressed  in  terms  of  spherical  coordinates*  Spherical  coordinates  represent 
a  logical  choice  when  the  primary  purpose  of  the  measurement  Is  to  determine 
antenna  characteristics  as  a  function  of  pointing  direction*  In  spherical 
near-field  testing  both  the  near-field  measurement  and  the  far-fleld 
calculation  are  performed  in  spherical  coordinates*  This  is  a  unique 
characteristic  as  compared  with  near-field  testing  in  other  coordinate 
systems,  such  as  planar  or  cylindrical  scanning.  In  planar  scanning,  the 
naar-fleld  measurement  is  performed  in  either  cartesian^]  or  polar 
coordinates,^]  whereas  the  result  is  expressed  in  spherical  coordinates.  In 
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cylindrical  teaming  the  measurement  la  performed  In  cylindrical  coordinates; 
again  tha  result  is  expressed  in  spherical  coordinates.  It  la  only  in 
spherical  scanning  that  both  the  measured  data  end  the  calculated  result  are 
expressed  la  spherical  coordinates.  ' 


Figure  1  Illustrates  spherical  scanning  in  a  schematic  fashion.  The 

a 

direction  coordinates  8  and  8  represent  the  two  primary  independent  variables 
and  are  used  to  characterise  the  radiation  pattern  of  the  test  antenna.  The 
polarization  coordinate  x  1*  used  to  characterise  the  polarisation 
characteristics  of  the  test  antenna.  The  range  separation  corodlnate  R 
expllclte}?  characterises  the  curvature  of  the  lllualnstlng  electromagnetic 
field.  R  is  held  constant  during  the  course  of  a  measurement ,  so  that  the 
measurement  is  made  On  a  spherical  surface.  Once  the  measurement  data  has 
been  acquired,  the  near-field  computation  algorithm  is  used  to  calculate  a  new 
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data  sat  for  an  alternate  rant*  separation.  Meat  often*-  the  eaaauraaant 
aeparatlon  R^  la  chosen  to  be  a  aeall  number*  and,  the  computed  separation 
coccdlnata  la  chosen  to  approximate  an  Infinite  aeparatlon.  Thus,  the 

amputation  algorithm  tranaf orma  the  data  which  wee  actually  meaaured  on  a 
spherical  surface  of  radlua  R^  Into  data  which  would  ha  we  been  meaaured  had 
the  spherical  surface  been  of  radius 

Figure  1  shows  a  spherical  near-field  measurement  In  Which  the  major 
portion  of  the  radiation  energy  exits  at  the  equator  of  the  teat  sphere.  This 
la  the  orientation  normally  used  In  moat  conventional  far-fleld 
measurements.  It  Is  relatively  easy  to  find  the  boreslght  of  an  antenna  in 
thla  orlantation.  Also*  If  linear  polarisation  la  used,  this  orientation 
maintains  the  polarisation  match  between  the  range  antenna  and  the  teat 
antenna  for  small  excursions  in  S  and  +. 

An  alternate  orientation  for  the  test  antenna  is  one  In  which  the  major 
portion  of  the  radiated  energy  exits  the  pole  of  the  test  sphere.  Thla 
orientation  la  sometimes  uaed  to  characterise  feed  antennas  for  parabolic 
reflectors.  It  Is  more  difficult  to  boreslght  an  antenna  In  this  orlantation, 
and  unless  circular  polarisation  is  used,  the  polarisation  watch  between  the 
range  antenna  and  the  test  antenna  can  become  a  bothersome  detail.  This 
orientation  may  offer  some  advantages  In  the  theoretical  calculation  of 
certain  antenna  patterns,  and  may  result  In  greater  efficiency  in  near-field 
measurements,  as  will  be  shown  later.  Another  consideration  which  may  enter 
Into  the  selection  of  a  test  orientation  is  the  final  presentation  of  the 
antenna  test  data.  Unless  a  computer  algorithm  is  available  to  numerically 
rotate  the  test  results  from  one  orientation  to  the  ether,  the  orientation  in 
which  the  antenna  la  tasted  will  be  the  same  orientation  in  which  the  results 
are  available.  This  may  be  an  overriding  consideration  if  the  rasults  must  be 
presented  in  a  two-dimensional  cartesian  format,  aa  in  the  case  of  a  cartesian 
contour  graph.  In  auch  a  case,  the  antenna  test  engineer  must  use  the 

equatorial  orientation  to  produce  usable  test  results.  Figure  2  illustrates 

♦ 

tha  equatorial  and  polar  orientations. 
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Figaro  2.  Equatorial  ra  Polar  Oriantatlon 


A  not  tbit  characteristic  of  near-field  mwi  tMtlnf  is  tha  reqwiraattnt 
for  data  collection  over  a  Malta  portion  of  tha  measurement  eurfaca,  even 
vhan  tha  computation  raaulta  ara  required  for  only  a  single  far-flold 
direction.  la  principle,  every  aeesuraaant  polot  on  tha  surface  of  tha  near- 
field  aphert  will  contribute  to  a  given  far-flold  calculation  point.  Zb 
practice  it  ia  poaelbla  to  perfom  a  calculation  ualng  a  truncated  aphere  of 
aaaaured  data  which  ia  carefully  choaan  ouch  that  the  truncation  error  la 
ngoligibla.  It  ia  not  foaaibla,  however,  to  calculate  a  reeult  for  a  tingle 
value  of  0  and  0  fro*  a  aingle  aaaauraaent  in  tha  near-field.  This  aaana  that 
in  order  to  determine  the  aaxiaua  far-field  gain  of  tha  teat  antenna,  which  la 
a  aingle  raault  correaponding  to  the  p eak  of  the  radiation  pattern,  a 
aubotantlal  av*.  of  near-field  aeaeureweata  want  be  eede.  the  am  aeeaurewent 
requirement  would  apply  to  the  determination  of  an  rntenna  boreelght.  In 
conventional  far-field  antenna  tenting  and  In  eospact  range  antenna  taating 
these  neaaureaanta  could  ba  cade  directly. 

The  data  acquisition  process  consist*  of  digitally  aaaq>ling  the  radiation 
pattern  of  tha  teat  antenna  on  tho  surface  of  tha  scanning  sphere.  As 
indicated  In  Figure  1,  tha  aaaplad  data  points  ara  regularly  spaced 
in  0  and  0.  The  sanpllng  interval  which  la  used  Bust  not  exceed  tha  Nyquiet 
Interval,  which  la  tha  Invars*  of  tha  electrical  alas  of  tha  test  aperture. 

The  teat  aperture  disaster  D  ia  datarained  not  only  by  tha  test  antenna  alts, 
but  also  by  the  aannar  In  which  tha  antenna  la  aounted  on  the  test 
positioner.  Figure  3  illustrates  tha  determination  of  tha  teat  aperture 
diameter  for  the  same  antenna  aounted  on  several  different  test  positioners. 
The  electrical  alas  of  tha  test  aperture  la  datarained  by  dividing  the  teat 
aperture  diameter  by  tha  wavelength  X.  Tha  Nyquiat  Interval  in  radians  la 
given  by 


X/D 


<D 


c 


Figaro  3,  Determination  of  That  Aperture  SUatCtr 


It  is  evident  thet  the  larger  the  electrical  else  of  the  teat  aperture, 
the  greater  the  amount  of  data*  Given  the  Nyqulat  saspllng  rule,  the  number 
of  samples  required  to  fully  characterise  the  radiation  pattern  may  he 
determined.  Full  spherical  coverage  Implies  a  180*  range  in  9  and  a  360* 
range  in  9*  The  number  of  data  points  is  calculated  by  dividing  these  ranges 
by  the  respective  angular  Increments*  Table  2  illustrates  the  exponential 
growth  of  the  data  storage  requirements  with  increasing  electrical  slse  of  the 

test  aperture.  The  figures  given  assume  that  data  is  collected  over  the 

« 

entire  teat  sphere  for  a  single  test  frequency  and  that  two  orthogonal 
polarisations  are  required  for  each  position  on  the  test  sphere.  Each  data 
point  consists  of  an  amplitude  value  and  a  phase  value  for  the  measured  signal 
at  a  given  position  on  the  test  sphere  for  a  given  polarisation.  It  is 


661 


aaauaed  that  tha  amplitude  and  tha  phaaa  valuas  require  two  bytss  oaeh  of 
conputar  aaaory  for  atoraga.  Aa  can  be  am,  tha  coop  tutor  storage 
requirements  bacons  formidable  c a  tha  alaetrleal  alia  increases'. 


UUa  2 

Data  Storage  Beqslxaanets  m  Ueetrlael  Sira 


Blaetrical 

Slaa 

(D/1) 

Saapliug 

Interval 

(A8*A4) 

fcaebsr  of 
Saaplo  Points 
(Foil  Sahara) 

Bytes  of 
Storage 
B^anlreC 

28 

2.0* 

16  x  10s 

0.3  x  10* 

37 

1.0* 

64  x  10* 

1.0  x  10* 

114 

0.3* 

259  x  10s 

4.1  x  10* 

286 

0.2* 

1,620  x  10s 

25.9  x  10* 

372 

o.i- 

6,480  x  10s 

103.7  x  10* 

*Assualng  16  bytes  ara  raqolrad  for  aaefa  data  point, 
which  consists  of  tha  anplltudo  and  phaaa  for  aach  of  two 
polarisations,  with  no  angolar  Inforaation  etorad. 


Aa  previously  nsntionsd,  It  ia  of ton  practical  to  parforn  calculations  on 
a  partial  aphara  of  aaaaurad  data*  Figure  4  suggest a  different  typos  of 
partial  apherea  which  nay  be  aaployad  for  various  orientations  of  tha  antenna 
under  teat.  Tha  truncation  errors  which  result  arn  a  conplez  function  of  tha 
shape  of  tha  test  antenna  radiation  pattern,  tha  percentage  of  tha  radiated 
energy  sanpled  ia  the  data  acquisition  process ,  and  Che  rougs  length  at  which 
tha  eassuransnt  is  parforaad.  Practical  experience  has  indicated  that  tha  uss 
of  truncatad  spherss  is  faaslbla  aa  long  as  "oost"  of  tha  energy  radiated  from 
the  test  anfsnna  is  subtended  by  the  partial  aphara  which  la  used*  The  use  of 
partial  spharaa  la  aost  appllcabla  for  tha  jesting  of  diroctlva  in tonnaa* 
Omni-directional  antennas  of tan  require  that  a  fall  aphara  ha  need,  aa  any 
truncation  will  rasult  In  thn  loss  of  accountability  for  a  significant  portion 
of  tha  radiatad  snsrgy. 


FULL SPHERE 


PARTIAL  SPHERE  AT  NORTH  POLE 


PARTIAL  SPHERE  AT  EQUATOR 


PARTIAL  SPHERE  AT  SOUTH  POLE 


Th«  uaa  of  partial  spharas  1®  daslrabia  fro*  tha  oocatdaratloo  of  dot* 
itori*  raqulraaa nto  tad  tbo  coaai>  aratlt*  of  total  toot  tint. 1*1  Both  tho 
data  ttoraga  raqulrad  and  tha  tlaa  raqulrad  to  parfor*  data  acquisition  aro 
ralacad  to  tha  ivlli  angla  of  tha  apharleal  oorfaoa  ooar  vhloh  data  oast  bo 
acqulrad*  fall  apharleal  covarrga  oorraa poods  to  a  IN*  raja  la  •  aad  a  360* 
root*  la  A  partial  aphatt  ahloh  ©ovars  a  60*  raja  la  •  aad  a  60*  raaga 
la  6  raproaaata  omiy  1/16  tha  surface  araa  npdttd  for  a  foil  aphara.  Thus 
tha  data  atorafa  raqulraaaut  for  this  partial  sphato  la  oalf  62  of  tha 
raqulraaant  for  tha  foil  aphara.  Xf  m  aaaoaa  that  tha  data  acquisition  tlaa 
la  porportloaal  to  tha  oolld  aagla  oovarad,  than  Oa  aequlsltloa  tlaa  for  this 
partial  aphara  la  similarly  6X  of  tha  tlaa  rafolrad  for  tha  full  sphavo.  A 
tlaa  tarings  la  also  apparaot  la  tha  coaputatioa  phaao  of  tha  aataana  coat. 
Through  tho  usa  of  noaarlcal  ayamatrloa,  tho  coaputatloa  algorithm  can  avoid  a 
oubataatial  aaouat  af  data  procaaalag  with  an  aaaoclaead  radactloo  la  tha 
txacutlon  tlaa  of  tho  algorithm.  Tahla  3  lllustrataa  tha  taat  tlaoa  raqulrad 
for  saveral  apharleal  covat&gaa,  at  aaaaorad  ualng  tha  Sdantlflc-Atlanta 
Modal  2022  Spharleal  Naar-Fiald  Aataana  Aoalyaar. 


Tahla  3 

Aataana  That  Uaa  us  tartlal  8p*<arn  Covaraga 


Angular  Span 
•  x  ♦ 
(Carraaa) 

Solid 

Anglo  Cora rad 
(Staradians) 

Typical  Data* 
Acquisition 

Tima 

Typical  Data 
Transf  o  nation 

Tlaa 

Typical 
Total  Tost 

Tlaa 

180  x  360 

Av  (full  aphara) 

A  hra 

3-1/2  hr* 

7-1/2  hra 

180  x  180 

2*  (hamisphara) 

2  hra 

2  hra 

A  hrs 

60  x  60 

0.22v 

1/2  hr 

3/A  hr 

1-1/2  hra 

36  x  35 

o.oev 

1/A  hr 

1/2  hr 

3/A  hr 

*Aa*uelng  partial  aphara  la  at  tha  aquator  of  tho  toot  aphara  and  that  1* 
sampling  lntarvala  arm  uaad. 


IV.  RAljgg  ALjPjljgjjT 


The  as  thane  tics  vhlcn  form  th«  basis  of  the  oear-fiald  to  far-field 
•phirlcfel  transformation  algorithm  requires  that  tha  aeeeuremnt  of  tha  taat 
antenna  ba  performed  on  tha  surface  of  a  epftere.  Tha  schematic  illustration 
la  figure  1  lapliaa  that  tha  taat  ant  anna  xa  ha?4  fixed  while  tha  range 
antamta  covara  tha  spherical  aurfaca  during  tha  acanalng  procaaa.  In  ooaaaon 
practice  tha  reverse  la  true.  Tha  ranga  antanna  la  normally  stationary  and 
tha  taat  antanna  ia  rotatad  by  a  two-axia  angular  poaitlonar.  Sa rural  toaaaon 
poaltlonar  eonfiguratlona  ha ve  baan  shown  In  Pi|ura  3. 

If  tha  acquirad  data  la  ro  truly  ropratant  data  collactad  on  a  spharlcal 
aurfaca,  it  la  inportant  that  tha  am  of  tha  taat  poaltlonar  ba  aligned. 

Cara  auat  alao  ba  taken  to  insure  that  alaallgnaent  of  tha  ranga  antenna's 
polarisation  axis  doss  not  introduce  naaauranant  errors.  Tha  raqulrananta  for 
proper  range  alignment  are  that  tha  two  axas  of  tha  test  F^aitionar  9  and  ♦  ba 
orthogonal  sol  Intersect  at  a  point.  In  addition,  tha  polarisation  axis  x  of 
tha  ranga  antanna  oust  ba  orthogonal  to  and  intersect  tha  lover  axis  9  of  the 
test  poaitlonar. 

The  relationship  between  tha  9  and  4  axas  la  of  a  fairly  critical 
nature.  An  intersection  error  will  result  In  a  periodic  distortion  of  tha 
range  separation  parameter  R,  such  that  a  sphere  is  no  longer  an  accurate 
description  of  the  aaasureatnt  surface.  Tha  two  maximum  ranga  separation 
errors  will  occur  at  opposite  sides  of  tha  test  sphere  along  the  equator.  At 
a  minimum,  this  will  result  in  an  electrical  phase  error  of  tha  asasured  test 
signal  at  tha  extreaal  points  which  is  equal  to  the  raplo  of  tha  intersection 
error  and  tha  wavelength.  An  orthogonality  error  between  tha  9  and.  9  exes 
will  causa  «  distortion  .of  the  aaasuranant  grid  on  the  surface  of  thts  test 
sphere.  In  tha  vicinity  of  tha  equator  this  will  amount  to  a  simple 
translation  of  the  cartesian-like  grid.  Near  tha  poles  of  tha  sphere,  tha 
result  is  wore  dramatic  since  tha  coordinate  origin  translation  is  applied  to 
a  polar-like  grid. 
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Th*  relationship  batvaea  tha  9  sad  x  Mas  is  not  ss  critical  as  the 
relationship  between  the  9  and  9  exes,  particularly  ehea  a  broad-beamed  ranee 
antenna  la  ueod.  m  ouch  a  case*  the  wmvefornt  which  llluai nates  the  teat 
antenna  will  be  Invariant  for  a  relatively  large  error  In  the  orientation  of 
the  x  axle,  and  the  data  which  la  acquired  will  be  Identical  to  data  moulting 
from  a  proper  alignment  of  the  x  axle.  An  Intersection  error  in  the  x  axis 
will  causa  an  angular  offaet  In  the  aaaaured  antenna  pattern,  tha  angular 
offset  being  determined  by  tha  ratio  of  the  dlaplacanent  of  the  x  axle  and  the 
range  length.  When  directive  range  antennas  are  need,  such  that  significant 
amplitude  taper  la  apparent  In  the  test  aperture,  the  alignment  of  the  x  PitiLs 
becomes  wore  critical.  In  ouch  a  caae,  an  error  in  the  orientation  of 
tha  y#  axle  will  cause  an  asymmetrical  illumination  of  the  teat  antenna,  and 
tha  data  which  la  acquired  will  differ  from  an  arror-f res  data  sat. 

Range  alignment  la  readily  accomplished  using  optical  and  mechanical 
techniques.  Tha  mader  is  referred  to  reference  (6]  for  e  complete  discussion 
of  range  alignment  procedures.  Zt  la  convenient  to  rofar  Intersection  errors 
eo  the  wavelength  of  the  teet  signal,  sod  orthogonality  errors  to  the  tyqulat 
angular  sampling  Interval.  It  la  advisable  to  limit  tha  intersection  and 
orthogonality  errors  to  several  percent  of  the  wavelength  and  the  Nyquict 
respectively.  Figure  5  shows  an  optical  allgnnant  fixture  which  employs  e 
double  tided  mirror  with  crosshairs.  By  sighting  the  mirror  from  both  sides, 
mechanics!  adjustments  which  align  the  two  teat  axes  are  easily  accomplished. 
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'  K  raw m a "fxv'i ; 


Figure  3.  Photograph  of  Aids  Alignment  Fixture 


V.  PATTERN  MEASUREMENTS 

Pattern  measurements  are  required  to  determine  antenna  characteristics 
such  as  directivity,  beamwidth,  null  depth,  and  sidelobe  level*  In  pattern 
measurements,  the  absolute  power  contained  in  the  test  signal  is  not  of 
Interest,  since  only  the  relative  power  of  the  test  signal  as  compared  to  an 
arbitrary  reference  is  required  to  determine  the  desired  antenna 
characteristics.  Most  often,  the  reference  level  which  is  used  is  the  maximum 
power  level  at  the  peak  of  the  antenna  pattern.  The  signal  level  at  this 
point  is  usually  set  to  0  dB. 

C 
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Pattern  measurements  are  aaay  to  per  fora  since  only  relative  date  is 
required.  The  meaeurenent  equipment  oust  be  stable  during  the  course  of  deta 
acquisition  and  oust  provide  a  linear  response,  but  r<o  absolute  calibrations 
era  required. 

To  perfora  a  near-field  as|i^rapent  in  the  least  ties,  the  angular 
sampling  intervale  are  normally  chosen  to  be  clean  te  the  Mpqulst  intervals. 
The  coarse  sampling  of  the  radiation  field  minimises  (die  time  required  for 
both  data  acquisition  and  for  data  processing.  Upon  completion  of  the  date 
transformation,  the  test  engineer  is  ready  to  calculate  die  antenna  parameter 
desired  from  the  transformed  data.  Although  the  Njyqulet  sampling  criterion 
guarantees  that  the  sampled  data  met  contains  all  the  inf oraetion  required  to 
perfora  parameter  calculations,  the  coarse  spacing  of  the  transformed  data 
often  represents  an  inconvenience. 

To  produce  a  finely  sampled  antenna  pattern,  interpolation  algorithms  may 
be  used  to  calculate  aaveral  data  points  between  each  pair  of  coarsely  sampled 
data  points.  Interpolation  is  especially  useful  if  the  transformed  data  is  to 
be  presented  graphically.  A  multi-dimensional  interpolation  may  be  performed 
if  a  two  dimensional  representation  of  the  data  is  required.  If  an 
appropriate  interpolation  algorithm  la  used,  the  interpolation  error  will  be 
well  below  the  pattern  noise  due  to  other  error  sources.  In  principle,  using 
an  Interpolation  algorithm  based  on  Fourier  analysis,  it  is  possible  to 
reconstruct  a  pattern  with  no  interpolation  error. 

Antenna  characteristics  such  as  boresight  cannot  be  determined  directly 
in  near-field  testing,  aa  they  can  be  in  far-field  testing.  To  measure 
boresight  via  a  near-field  measurement,  it  la  necessary  to  acquire  the  near¬ 
field  data,  perfora  a  data  transformation,  and  determine  the  boresight 
position  from  the  calculated  far-field  data.  Antsnna  characteristics  such  as 
boresight  may  be  determined  by  inspection  of  interpolated  data,  but  a  mors 
direct  approach  might  be  beneficial.  By  performing  a  curve-fitting  operation 
on  the  resulting  antenna  data,  more  accurate  results  could  be  obtained  in  last 

time.  Curve-fitting  algorithms  would  not  require  os  much  interpolation  (or 

> 

perhaps  no  interpolation)  of  the  antsnna  data  aa  compared  with  e  graphical 
determination  of  the  boresight  by  inspection. 
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VI.  GAIN  MEAggRBggrS 


The  ae«iur«Mnt  of  gain  requlras  an  absolute  calibration  of  tha 
aaaauranant  equipment.  Tha  most  readily  implemented  aathod  of  aakint  an 
absolute  calibration  la  to  measure  an  aatanna  with  a  known  fain,  and  to 
compare  tha  measurement  of  tha  teat  antenna  agalnat  tha  known  standard.  In 
far-field  aatanna  maaauramants ,  tha  fain  comparison  is  made  directly:  both  tha 
gain  standard  and  tha  test  antenna  are  maaaurad  in  the  far-field  and  tha  range 
separation  parameter  R  is  aasuaad  to  remain  constant.  In  near-field  testing, 
the  pattern  of  tha  antenna  under  teat  cannot  be  directly  compared  with  the 
pattern  of  the  gain  standard,  since  a  data  tranaformatlon  must  be  performed. 

In  fact,  tha  gain  standard  might  also  be  measured  in  its  near-field,  so  that 
both  the  test  antenna  data  and  the  gain  standard  data  must  be  tranaformed 
prior  to  a  comparison. 

To  Insure  that  a  meaningful  gain  comparison  can  be  made,  the 
transformation  algorithm  must  properly  account  for  the  change  in  tha  pattern 
levels  as  they  undergo  the  near-field  to  far-field  transformation.  The 
transformation  algorithm  is  designed  to  produce  tha  signal  that  would  have 
been  measured  at  a  range  separation  of  Rj  from  the  measured  data  at  a  range 
length  of  Rj.  This  means  that  the  far-field  pattern  level  will  fall  off  to  an 
Infinitesimal  level  as  R^  approaches  infinity,  since  the  radiated  power 
decreases  as  1/R  in  the  far-field.  To  overcome  this  problem,  the 
transformation  algorithm  normalizes  the  transformed  data  by  a 
factor  e^i,cRVR  (where  k  is  the  wave  number;  k  •  2r/X).  Thus,  with  proper 
bookkeeping,  a  comparison  of  the  level  o'  the  transformed  gain  standard 
pattern  can  be  made  with  the  level  of  the  transformed  test  antenna  pattern. 

VII.  POLARIZATION  MEASUREMENTS 

1 

Measurements  of  the  polarization  characteristics  of  a  test  antenna  can  be 
readily  made  via  near-field  testing.  As  in  far-field  testing,  the  range 
antenna  is  often  assumed  to  be  an  ideal  dipole  radiator  with  precisely  linear 
polarisation.  Given  this  assumption,  the  result  which  is  obtained  will  be  as 
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food  u  that  allowed  by  cbo  polarisation  characteristics  of  tbo  rang*  aatanna, 
whether  cho  measurement  bo  performed  in  tho  near-field  or  tbo  far-f laid  of  tho 
toot  ontonna. 

In  for-fiold  tooting,  tho  throo  ontonna  aothod  la  sometimes  usod  to 
obtain  a  more  proeloo  eharoetorlsation  of  polarisation  characteristics.^  In 
thlo  aothod,  tho  reduction  of  aoaaurod  data  produces  a  proeloo  valuation  of 
tho  polarisation  characterlotleo  of  throo  antonnaa  through  tho  aolutlon  of  a 
oerlea  of  olaultanooua  aquations •  Onlng  this  aoaouroaant  tochnlquo,  tho  rango 
ontonna  nay  bo  polarisation  calibrated. 

Given  tho  polarisation  calibration  paraaoters  of  tho  rango  ontonna,  a 
aoro  precise  naar-field  measurement  aay  bo  porforaod.  Instead  of  asonaing 
that  tho  rango  ant anna  polarisation  is  that  of  an  ideal  dipolo,  tho  actual 
polarisation  of  the  range  antenna  lo  uood.  When  tho  acquired  data  is 
tranofomed,  the  far-f laid  result  aay  bo  coaputod  for  tho  scao  rango  antenna 
or  for  a  different  range  antenna  (Including  an  ideal  dipole).  In  this  way, 
the  polarisation  accuracy  of  tha  naar-field  aoaouroaant  is  no  longer  Halted 
by  tho  polarisation  purity  of  tho  range  antenna,  but  by  Che  accuracy  to  which 
the  rango  antenna  can  be  calibrated  and  by  tho  stability  of  tho  rango  antenna. 

VIII.  MEASUREMENTS  WITH  PROBE  CORRECTION 

An  assumption  which  lo  commonly  aade  in  far-f  laid  antenna  asaaureaento  is 
that  the  range  antenna  uniformly  Illuminates  the  test  aperture.  Expressed  in 
another  way,  it  is  assumed  that  there  is  no  amplitude  taper  due  to  the 
directivity  of  the  range  antenna  in  the  region  that  tho  antenna  undar  tost 
occupies.  It  is  easy  to  insure  that  this  assumption  is  a  valid  one  in  a  far- 

field  test,  since  the  far-field  constraint  on  the  range  separation  R  requires 

*  1  ‘ 

that  the  range  and  the  source  antenna  be  distant.  At  a  far-f laid  distance, 
the  angle  subtended  by  the  test  antenna  as  soon  from  tho  rsngs  ontonna  is 

usually  ouch  smaller  than  the  beamvldth  of  tha  range  antenna. 

« 

In  near-fiald  tasting,  tha  range  separation  la  relatively  small.  It  is 
sometimes  inconvenient  or  Impossible  to  satisfy  ths  condition  of  no  amplitude 
taper  in  the  test  aperture.  If  this  condition  is  mat,  than  tha  testing  Is 


somewhnt  simplified.  On  the  other  hand,  if  significant  amplitude  taper  la 
present,  chan  tha  radiation  pattern  of  tha  ranfa  antenna  east  bo  taken  Into 
account  to  produce  accurate  aeasuramiat  result a.  When  the  radiation  pattern 
of  the  range  antenna  le  explicitly  accounted  for  in  the  naar~fleld 
measurement ,  we  say  that  tha  measurement  la  performed  with  probe  correction. 


In  order  to  avoid  probe  correction,  It  la  neceaaary  to  chooee  the 
beawrldth  of  the  range  antenna  and  the  near*fleld  range  separation  distance  R 
such  that  no  significant  amplitude  taper  la  present  in  the  teat  aperture.  The 
beamwldth  of  the  range  antenna  6  is  approximately  given  by 


(2) 


where  d  is  the  aperture  alee  of  tha  range  antenna.  At  e  range  separation 
distance  R,  tha  teat  aperture  mill  subtend  an  angle  given  by 


(3) 


where  D  is  the  test  aperture  diameter.  In  order  to  assure  that  amplitude 

taper  does  not  result,  we  would  like  9_  to  be  several  tlmea  0 . 
r  Beam  Apar 


(4) 


where  K  is  equal  to  2  or  3.  If  we  combine  these  equations,  we  get  cn 
expression  for  tha  required  range  separation  R  as  a  function  of  the  other 
parameters 


R  >  K  D  d/X 


(5) 


If  this  condition  is  not  satisfied,  it  will  be  necessary  to  perform  the 
near-field  measurement  with  probe  correction.  Also,  for  extraoely  accurate 
measurements,  probe  correction  may  he  required  even  when  this  condition  la 
met* 
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The  precursor  to  pro bo  corrected  near-field  measurements  is  probo 
calibration.  Polarisation  calibration  of  theraage  ntmt  «u  discussed  in 
tho  previous  section.  foil  probo  correction  requires  (hot  th<»  pot  tom  of  cho 
rongo  ontonno  bo  calibrated  os  well.  Probo  ooUbrotloo  eonalnts  of  oooooring 
tho  rodiotloa  pottorn  of  tho  rongo  antenna  end  calculating  tho  eoofflolonto  of 
tho  ophorleol  nodal  functions  which  give  rlso  to  tho  measured  pottorn.  Tho 
pottorn  measurement  of  tho  conga  ontonno  eon  bo  performed  in  tho  far-fleld  or 
In  tho  near-field.  Since  tho  rongo  ontonno  nomolly  hop  on  aperture  which  io 
auch  smeller  thon  o  typlcol  toot  ontonno,  satisfying  tho  rule  for  promotion 
of  amplitude  toper  is  usually  not  o  problon  when  tho  rongo  ontonno  is 
measured. 

When  probo  corrected  near-field  measurements  ore  node,  alignaont  of  tho 
rongo  ontonno  boconoo  note  critical.  Sines  tho  amplitude  tops?  has  boon 
explicitly  accounted  for,  it  la  necessary  to  assure  that  orientation  of  tho 
range  antenna  io  such  that  the  actual  llluadnatlon  present  in  the  test 
aperture  matches  the  assumed  illumination  which  results  from  the  probe 
calibration.  Thus  it  is  Important  not  only  to  assure  the  probe  6/x  axis 
alignment,  but  to  assure  that  the  range  antenna  is.  properly  attached  to 
the  x  axis.  A  mechanical  or  optical  reference  la  often  used  to  aid  in  the 
proper  alignment  of  a  calibrated  range  antenna. 

IX.  MEASUREMENT  ERRORS  DUE  TO  RANGE  EFFECTS 

The  near-field  transformation  algorithm  assumes  thet  the  radiation 
pattern  of  the  test  antenna  remains  constant  during  tho  course  of  the 
measurement ,  and  that  for  the  csss  in  which  the  antenna  is  tasted  in  the 
transmit  mods,  all  the  energy  received  by  the  near-field  probe  emanates  from 
the  test  speiture.  (Reciprocity  applies  for  the  case  in  which  the  antenna  ia 
tested  In  the  receive  mode.)  Thus,  no  account  is  taken  for  antenna 
interactions  with  a  ground  plana  or  for  other  multipath  affaeta,  for  stray 
signal  radiation,  or  for  mutual  coupling  between  the  teat  antenna  and  the 
range  antenna.  Thesa  effects  result  in  a  violation  of  one  or  both  of  the 
algorithm  assumptions ,  and  constitute  a  source  of  measurement  error.  These 
sources  of  error  are  to  be  avoided  through  sutieble  design  of  the  antenna  test 
range. 


****** 


0 


The  amount  of  nolaa  power  which  la'  Introduced  Into  the  measuxamenf  etu  be 
quantified  in  terms  of  the  equivalent  stray  algnel  level.  Figure  6 
illustrates  a  situation  in  which  the  teat  algnel  la  contaminated  by  stray 
radiation  froa  a  reflection  from  an  absorber-envered  weilr  As  G^nbeseen  in 
the  Illustration,  a  noise  source  of  given  relative  noise  power  will  cause  a 
greater  uncertainty  at  low  pattern  levels  than' at  high  pattern  levels.  The 
concept  illustrated  applies  to  both  near-field  and  far-fleld  measurements.  In 
general.  It  is  difficult  to  predict  how  measurement  noise  In  the  near-field 
pattern  transforms  into  the  far-fleld. 


Ground  Interaction?  and  mutual  coupling  interactions  are  usually 
negligible  if  the  tesc  antenna  la  separated  from  conducting  surfaces  and  from 
the  range  antenna  by  at  least  10  wavelengths.  This  does  not  represent  a 
problem  at  frequencies  greater  than  several  Glgaherts,  but  can  become  a  major 
difficulty  at  UHF  and  low  microwave  frequencies.  If  sensitive  measurements 
are  to  be  made,  a  more  rigorous  analysis  eight  be  performed  to  Insure  that 
mutual  coupling  la  not  present  in  a  given  test  situation.  Heedless  to  say, 
ground  reflection  ranges  cannot  be  used  for  near-field  tasting. 
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MEASUREMENT  ON  SIDE  LOBE 


Fl|ara  6.  Effect  of  Stray  Signal 


X.  QOTDOOR  MEASPBhMENTS 


Outdoor  near~fleld  measurements  require  special  consideration  la  several 
key  areas.  Tho  first  consideration  is  ths  manner  la  which  tho  phase  rsfsroseo 
for  tho  coho rent  microwave  rocolvor  is  provided*  Hoar-f lold  testing  require* 
that  tha  phase  as  wall  as  tbs  amplitude  of  ths  antenna  pattern  be  measured. 

The  phase  aust  be  ■assured  sfalast  a  phase  reference  which  Is  invariant  with 
respect  to  ths  orientation  of  the  test  antenna,  since  the  phase 
characteristics  are  required  as  a  function  of  position  on  the  test  sphere  in 
order  to  perform  the  far-field  calculation*  Furthermore,  the  phase  reference 
suet  be  invariant  with  respect  to  the  polarisation  of  range  antenna,  such  that 
the  phase  for  each  probe  polarisation  is  measured  against  the  seas  reference* 

In  an  indoor  test  range,  where  the  range  antenna  is  separated  from  the 
test  antenna  by  only  a  short  distance,  ths  phase  reference  is  usually  obtained 
from  an  FF  coupler  which  transmits  the  reference  signal  to  the  receiver  via  a 
coaxial  cable.  The  range  antenna  in  this  situation  is  normally  the 
transacting  antenna,  and  the  coupler  is  placed  in  the  line  which  feeds  the 
range  antenna. 

In  an  outdoor  test  range,  the  range  separation  is  such  that  it  is  not 
normally  practical  to  transmit  ths  phase  reference  via  coaxial  cable.  In 
outdoor  testing,  the  phase  reference  nay  la  obtained  through  the  use  of  an 
auxiliary  antenna  in  the  proximity  of  the  antenna  under  test.  The  reference 
antenna  is  held  stationary  during  the  course  of  the  test,  as  the  test  antenna 
Is  rotated  through  the  test  angles,  and  thus  provides  a  stable  phase 
reference.  A  problem  occurs  when  the  polarisation  of  the  range  antenna  is 
switched,  as  this  might  cause  a  variation  in  the  phase  of  the  signal  received 
by  the  reference  antenna.  Compensation  for  such  a  phase  variation  must  be 
provided.  Figure  7  Illustrates  ths  differences  between  ths  routing  of  the 
phase  reference  for  Indoor  and  outdoor  testing. 
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A  second  consideration  which  sust  be  given  to  outdoor  tenting  is  the 
phase  stability  of  the  asssursaent.  In  indoor  testing,  the  teeperature  of  the 
test  environment  can  be  well  controlled,  usually  to  within  one  or  two  degrees 
Celsius,  h i  outdoor  testing,  it  is  eudi  ewre  difficult  to  control  the 
environmental  temperature.  Control  of  the  teeperature  is  important  because  of 
the  teeperature  effects  on  the  electrical  length  of  the  various  cables 
required  for  the  test*  Teeperature  fluctuations  can  cause  differential 
changes  in  signal  path  lengths,  resulting  in  phase  errors  in  the  neasured 
data.  To  alnlelse  this  source  of  error,  the  teeperature  of  the  test  cables 
should  be  stabilised  as  each  as  possible,  cables  with  low  teeperature 

coefficients  should  be  chosen,  and  the  physical  lengths  of  the  teat  cables 

* 

should  be  notched  to  curtail  differential  changes  in  the  electrical  lengtha. 
XI.  POWER  CONSIDERATIONS 

A  cursory  analysis  of  the  signal  source  power  required  to  perform  a  near* 
field  measurement  night  lead  to  the  erroneous  conclusion  that  the  received 
signal  power  would  always  be  greater  in  e  near-field  test  then  in  a  far-field 
test,  the  line  of  reasoning  being  that  the  near-field  test  avoids  the  1/It2 
fall-off  in  power.  In  feet,  there  are  situations  in  which  the  near-field 
received  power  is  less  than  in  a  far-field  test.  This  is  due  to  the  fact  that 
a  low-gain  range  antenna  is  noraally  used  for  near-field  testing,  whereas  a 
high-gain  range  antenna  is  used  for  Car-field  testing.  Also,  the  l/l2  fall- 
off  does  not  necessarily  apply  in  tha  near-field  region  of  the  radiation 
pattern,  where,  the  radiated  energy  is  apt  to  be  collimated. 

A  detailed  discussion  of  the  power  required  f roe  the  signal  source  is 
given  in  reference  16] «  A  summary  is  given  below. 

Throughput  the  following  discussion  we  will  assuw  that  the  test  antenna 
and  the  range  antenna  are  polarisation  matched.  Also,  ws  will  qssuao  that  tha 
affidenclaa  of  tha  test  antenna  and  the  range  antenna  ara  unity.  Us  wish  to 

i  •  • 

deterulnf  the  aaxlaua  power  that  will  ba  racalvad  in  tha  aaasuramant,  iu  order 
thst  the  dynamic  range  of  the  eeaeureaent  nay  be  optimised. 
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In  the  near-field,  the  radiation  pnttsrn  of  o  directive  antenna  normally 

represents  •  collimated  wtvt.  That,  m  do  oot  Wftet  «  power  variation  dot  to 

chant* •  In  the  range  distance  in  the  aaar-fleld.  The  paver  V  supplied  to  the 

o 

teat  antenna  by  the  signal  source  is  distributed  in  a  note  or  leaa  uniform 

manner  to  create  the  near-field  aperture  distribution*  the  aarlmua  power 

recel'-ed  by  the  range  antenna  is  given  roughly  by  the  gein  of  the  near-field 

probe  C__,_  tinea  the  poeer  density  in  the  teat  aperture.  Thus 
r*w 


where  A  is  the  area  of  the  teat  aperture  and  0  la  the  diameter  of  the  teat 
Aptr 

aperture. 


Aa  we  nova  from  the  near-field  to  the  far-fleld  of  the  teat  antenna,  the 
radiated  energy  la  progressively  focused  and  the  apparent  gain  of  the  test 
antenna  will  increase.  When  we  reach  the  far-fleld,  the  radiation  pattern  la 
fully  formed,  end  no  further  gain  variations  result,  la  the  far-flold, 
radiation  froa  the  teat  antenna  la  no  longer  collimated.  The  power  received 
by  the  range  antenna  fella  off  aa  the  square  of  tha  range  length.  The 
power  PQ  supplied  to  the  test  antenna  by  the  signal  source  is  focused  into  e 
radiation  bean.  The  aaxlmuw  power  received  by  the  range  antenna  la  given 
roughly  by  the  gain  of  the  far-fleld  probe  times  the  aaximuu  power 

density  In  the  far-fleld.  Thus  ; 
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where  ^3p|Mn  *•  the  ourface  iru  of  tho  toot  sphere  and  lo  tho  gain  of  tho 
toot  antenna  and  R  lo  tho  far-fleld  rongo  length . 

Tho  gain  of  tho  toot  ontotmo  nay  bo  ootiaated  by 


1 


(8) 


where  D  lo  tho  dlaneter  of  tho  toot  aperture  and  X  la  tho  wavelength.  Alao  wo 
■ay  oubatltuta  for  tho  for-flold  range  length  R  tho  expreeeion 


R  ■ 


(9) 


By  substituting  oquatlona  (8)  and  (9)  Into  equation  (7),  wo  obtain 


S-FF  (it) 
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(10) 


VO  can  now  cooputa  tho  ratio  of  tho  naar-flold  to  tho  far-fleld  rocolvod 
power  by  dividing  equation  (6)  by  equation  (10) 
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Thus,  tho  ratio  of  the  near-field  to  the  far-fleld  power  la  a  function  of 
the  ratio  of  the  galna  for  the  two  range  antennae  uaed.  If  the  sane  L<*rqa 
antenna  were  uaed  for  both  the  near-field  and  tho  far-fleld  neasurenent,  then 
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the  near- field  measurement  would  cooulc  la  8  dB  piatir  power.  la  practice, 

-  the  gain  of  the  near-field  probe  la  usually  substantially  leaa  than  the  gain 
of  the  far-flald  probe,  reaultlag  la  a  lower  signal  la  the  near-fleld 

measurement. 

In  both  the  near-flald  and  the  far-fleld  aaaaureaenta ,  the  gain  of  the 
range  antenna  should  be  ehoaea  so  aa  to  maximise  the  received  algaal  level 
without  introducing  amplitude  taper  la  the  test  aperture.  Thua,  ‘he 
beaavldth  8^  of  the  range  antenna  la  given  Up 

S  *  r  (1” 

The  gain  CR  of  the  range  antenna  la  related  to  the  beaavldth  bp 

0,  -  &0*  (1S) 

Thus,  the  gain  selected  for  the  range  antanna  will  very  aa 

-  (§)’  U*) 

Since  the  test  aperture  disaster  D  la  assumed  to  remain  constant,  the 

gain  of  the  range  antenna  may  increase  a a  the  square  of  the  range  length  R 
without  introducing  amplitude  taper  In  the  test  aperture.  In  practice,  the 
far-fleld  range  antenna  la  normally  chosen  to  have  a  beaavldth  which  la  twice 
the  beaavldth  of  the  test  antenna,  or  a  gain  which  la  6  dB  less  than  the  test 
antenna.  The  near-fleld  range  antenna  is  normally  chosen  to  have  a  gain  which 
la  low,  on  the  order  of  3-5  dB,  In  order  that  the  beaavldth  be  wide  enough  to 
allow  cloee-ln  testing.  • 

XII.  SUMMARY 

Spherical  near-fleld  antenna  testing  offers  a  unique  set  of  advantages 
and  disadvantages  over  other  antenna  measurement  techniques.  It  is  Important 
to  understand  the  special  characteristics  of  near-fleld  testing  if  an 
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intelligent  choice  is  to  be  aide  regarding  a  test  method.  This  paper  has  been 
an  attempt  to  cover  several  of  the  key  issues  in  spherical  near-field 
methodology. 

Spherical  near-field  testing  requires  the  collection  of  more  date  then  is 
normally  required  in  conventional  far- field  antenna  testing,  due  to  the  nature 
of  the  date  transformation  and  the  influence  that  each  near-fleld  data  point 
has  on  a  given  far-fleld  data  point.  Near-field  testing  also  requires  the 
additional  step  of  data  transformation  as  compared  to  conventional  far-fleld 
testing.  Nearrfield  testing  does  allow  considerable  savings  on  the  else  of 
the  test  range,  however,  and  does  produce  test  results  which  are  potentially 
of  a  very  high  quality. 

In  order  to  maximize  the  accuracy  of  near-field  test  result a,  the  test 
range  must  be  properly  designed  to  minimize  range  noise,  as  is  the  case  in 
conventions*,  far-field  testing.  Xu  addition,  special  attention  must  be  paid 
to  the  proper  alignment  of  an  antenna  range  which  is  used  for  near-field 
testing. 

Antenna  pattern  measurements,  gain  measurements,  and  polarization 
measurements  all  may  ba  performed  using  near-field  testing,  with  some 
modification  to  conventional  test  procedures.  As  in  far-field  teeting,  the 
three  antenna  polarization  calibration  method  may  be  employed  to  Increase  the 
accuracy  of  polarization  measurements  beyond  the  polarization  purity  of  the 
range  antenna.  In  addition,  near-field  measurements  may  be  performed  with 
probe  pattern  correction  to  take  Into  consideration  the  amplitude  taper  in  the 
test  aperture. 


XIII.  REFERENCES 


1.  Rets.  D.  V.  and  Tavoraina,  J.  J.  (1981)  Verification  Tasting  of  a 
Spherical  Near-Field  Algoritha  and  Comparison  to  Compact  tango 
Measurements.  Papar  presented  at  tho  1981  fintornatlonal  IEEE/APS 
Symposium,  Los  Angolas,  CA. 

2.  Tavoraina,  J.  J.  and  Haas,  D.  W.  (1980)  Spharlcal  Naar-?lald  Antanna 
Measurements  vith  the  Sclantlflc-Atlanta  Modal  2022.  Application  Not* 
AN-22,  Sclantlflc-Atlanta. 

3.  Hsxmanlng,  W.  A.  (1979)  Implementing  a  Near-Field  Antanna  Taat  Facility, 
Microwave  Journal.  September. 

4.  Far-Flcld  Antanna  Pattarn  froo  a  Nsar-Flald  Taat.  NASA  Tach  Brlafs,  Spring 
1981. 

5.  Hosa,  D.  W.  and  Tavoralna,  J.  J*  (1982)  An  Algoritha  with  Enhanced 
Efficiency  for  Computing  tha  Far-Fleld  from  Naar-Flald  Data  on  a  Partial 
Spherical  Surface.  Program  of  tha  U.  S.  National  Radio  Science  Keating, 
p.  185,  January. 

6.  Series  2020  Antenna  Analyser  Spharlcal  Naar-Flald  Range  Configuration 
Manual .  (1982)  Sclantlflc-Atlanta. 

7.  Antenna  Measurement  Handbook  (1961)  Sclantlflc-Atlanta 


Dupe  of  AD-1117  7hk 


ULTRALOW  SIDELOBE  PLANAR 
NEAR  FIELD 
MEASUREMENT  STUDY 


Kenneth  R.  Grimm 

Technology  Service  Corporation 
Washington  Division 


Prepared  for: 

1982  Antenna  Applications  Symposium 
Allerton  Park,  Illinois 


September  22-24,  1982 


ABSTRACT 


An  analytic  study  has  extended  existing  methods  of  estimating 
antenna  pattern  errors  when  testing  by  the  method  of  planar  neat  field 
probing.  Improved  error  bounds  are  given  for  very  lov  side lobe 
levels  based  only  on  the  measured  near  »ield  data  and  known  tolerances 
due  to  probe  positioning  and  multipath.  These  bounds  are  use ini 
for  certifying  array  performance  independent  of  standard  far  field 
antenna  range  tests.  They  also  can  serve  as  improved  design  criteria 
for  the  construction  of  quality  near  field  testing  systems.  An  optimum 
probe  for  low  sidelobe  testing  is  shown  to  be  one  which  minimizes 
its  back  scatter  while  simultaneously  contributinp  minimum  mean  square 
error  to  the  sidelobe  region.  That  this  is  impossible  for  the  commonly 
used  dominant-mode  waveguide  probes  is  acknowledged,  end  a  recommendation  is 
made  to  design  an  alternate  probe  based  on  a  single,  (or  small  array 
cluster)  of  radial  mode  dipoles.  The  principle  study  recommendation 
is  to  confirm  the  improved  error  estimates  developed  heroin  by  con¬ 
ducting  a  test  of  a  qualified  very  low  sidelobe  array  at  the  National 
Bureau  of  Standards.,  in  order  to  demonstrate  the  fundamental  limits  of 
measurement  accuracy  of  planar  near  field  probing. 


Work  reported  herein  was  performed  during  the  period  1  January  -  30  June 
1982  as  exploratory  development  for  the  Office  of  Naval  Technology 
(Contract  N00014-82-C-0115 )  under  the  Defense  Small  Business  Advanced 
Technology  (DESAT)  Program. 


1.0  INTRODUCTION 


Planar  Near  Field  (PNF)  antenna  scanning  has  come  into  increasing 
use  for  the  testing  of  microwave  array  antennas  which  have  been 
designed  for  use  i;i  advanced  TOD  electronic  systems.  This  measure¬ 
ment  technique  is  attractive  because  it  is  based  on  short-range 
distances,  is  easily  accommodated  indoors,  and  because  it  is  inherently 
accurate,  since  so  few  measurement  approximations  are  involved  [1,  2,  3]. 
It  does  however,  require  the  acquisition  of  large  sets  of  PNF  data, 
and  the  execution  of  a  computer  data  transform  in  order  to  recover 
the  desired  test  antenna's  Far  Field  (FF)  properties.  The  purpose  of 
this  study  is  to  estimate  the  accuracy  by  which  this  may  be  accomplished 
for  an  arbitrary  low  sidelobe  array.  "Low  Sidelobe"  refers  to  relative 
field  levels  which  may  be  radiated  in  any  of  the  antennas  modes, 
pattern  planes,  or  polarizations  which  are  at  least  30  dB  below  the 
antenna's  peak  directivity.  The  approach  of  this  study  is  to  extend, 
and  modify  as  necessary,  existing  error  bounds  when  applied  to  ar. 
arbitrary  low  sidelobe  array.  Only  the  planar  scanning  geometry  is 
considered,  although  cylindrical  and  spherical  geometries  have  also 
been  in  use  [4]. 

2.0  PROBLEM  FORMULATION 


A  general  test  array  is  assumed  to  be  operating  in  free  space, 
in  a  single  mode  and  frequency  such  that  the  desired  radiation  is 
directed  normally  outward  through  its  mechanical  or  electronically 
steered  pointing  direction.  A  planar  NF  probing  scanner  is  situated 
close  to  (and  nearly  parallel  to)  the  array  aperture,  (see  sketch  in 
Figure  1).  For  this  type  of  test,  possible  FF  sidelobe  errors  will 
be  introduced  by  NF  measurement  errors,  including: 


•  sampling  are*  truncation 

•  probe  positioning  errors 

•  RF  instrument  conversion  errors 

•  multiple  probe/array  reflections 

•  probe  pattern  and  nuaerical  transform  uncertainties. 


A  Far  Field  (FF)  fractional  error  ratio,  valid  throughout 
the  entire  pattern,  E(r),  may  be  written  as: 


n(r)  < 


IfLr)  £  AE(r)  1  -  lEfrll 
lE(r)| 


-  lE(r) I 


a) 


and  AE(r)  is  the  fractional  FF  error  due  to  each  NF  measurement 
uncertainty.  A  discussion  of  useful  error  bounds  is  found  in 
[2,  3,  5].  In  this  paper,  however,  only  NF  multipath  is  addressed. 


Figure  1.  Basic  Planar  Near  Field  Measurement 
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3.0  IMPROVED  ERROR  BOUND  DUE  TO  MULTIPATH 


3.1  Multipath  Mechanism 


The  primary  NF  intar farencs  mechanism  is  due  to  the  multiple 
round  trip  paths  between  the  movihg  probe  and  the  nearly  parallel 
array  aperture.  Specular  reflection  geometries  are  also  possible, 
due  to  scanner  and  room  reflections,  but  these  can  be  easily  minimised 
in  a  well-designed  facility.  However,  the  perpendicular  probe/array 
reflections  are  always  present,  and  represent  a  fundamental  limit 
to  the  achievable  accuracy  of  planar  NF  testing  for  low  sideloba 
antennas.  The  effect  of  these  reflections  is  to  cause  interference 
patterns  in  the  NF  as  shown  in  Figure  2.  These  curves  show  measured 
relative  probe  output  as  a  function  of  increasing  probe/array  Z-separation, 
for  three  probe  reference  locations  in  the  scan  plane.  The  ripples 
which  have  a  period  of  about  u  ■  A/2  are  due  to  unavoidable  probe/array 
reflection  paths.  The  peak-to-peak  magnitude  of  ore  ripple  period 
(indicated  as  Amr)  is  the  parameter  used  to  estimate  the  resulting 
sidelobe  error  in  the  far  field  in  accordance  with  the  following  expression. 


n(r)  <  (cmr/2)  g (v) 


(2) 


where 


mr 

e 


g(r) 


/average  amplitude  ratio  of  multiple  reflection 
J  to  total  NF 

20  log  (j~“)  ,  p  ■  log  ^(A/20;  ,  Amr  shown  in  Figure  2 
is  the  specified  sidelobe  level  of  interest. 


The  utility  of  equation  (2)  at  very  low  sidelobe  levels  is  the 
present  concern. 
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Figure  2.  Measured  c-de pendent  NF  Amplitude  for  Three  Reference 
Locations  in  the  Scan  Plan  Shoving  the  Peak  Inter¬ 
ference  Magnitude  tav  Occuring  with  Period  u>  ■  X/2 
due  to  Probe/Array  Multipath  [Ref.  2] 

3. 2  Present  Bound  -  Example 

Equation  (2)  predicts  worst-case  FF  sidelobe  error  due  to  NF 
multipath.  For  example,  from  Figure  2,  a  peak  interference  ripple 
magnitude  of  Arar  a»  .5  dB  was  measured  during  a  NF  tost  program  of 
an  X-band  array  at  NBS  [6].  Such  interference  magnitudes  corresponds 
to  reflection  fields  which  are  about  31  dB  below  the  direct  ray  path 
(emr  *  .0288),  but  if  one  uses  this  interference  value  in  equation  (2) 
to  estimate  the  error  at  the  -40  dB  FF  sidelobe,  a  worst-case  but 
unreasonably  large  error  is  predicted,  i.e., 

ndB  (-40  dB)  <  20  log  [1  ♦  (.0288/2)100] 

<  7.74  dB  (3) 
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This  estimate  is  valid  only  if  ehe  multiply  rtfltcttd  NF  phase  is 
nearly  uniform  in  ths  son  arts,  which  of  coursa  it  isn't,  since 
tha  probe  views  a  changing  (and  periodic!)  reflection  environment 
as  it  scans  over  the  array  alements  in  the  aperture  plane.  To  test 
the  sensitivity  of  the  existing  bound  to  realistic  phase  properties 
of  reflection  fields  and  to  various  NF  amplitude  tapers,  the  following 
numerical  simulation  has  been  performed.  The  goal  of  the  exercise  is 
to  find  scale  factors  for  the  critical  parameter  e  or  in  equation  (2), 
such  that  more  realistic  error  bounds  may  be  found  for  very  low  level 
sidelobes. 

3.3  Multipath  Phase  Error  Simulation 

Assume  the  reflected  fields  between  probe  and  array  remain 
same  sense  polarized  and  interact  with  the  direct  fields  at  the  probe 
to  generate  error  fields  which  have  the  simple  NF  functional  form: 


mv_ 

e  E  cos 
o 


%x/.).i2"<,Al  *  >rA2) 


where 


is  maximum  error-free  NF  amplitude 

is  the  proportionality  constant  between  direct  and 
reflected  field 

is  the  probe  scan  direction 

is  the  maximum  dimension  of  the  projected  aperture 
on  the  scan  plane 

are  arbitrary  reflection  phase  constants  describing 
the  rate  of  change  of  NF  phase  error  with  x,  y  probe  scan 


Uniform  NF  Case  When  n  ■  0  (uniform  illumination)  and  the 
projected  aperture  on  the  scan  plane  is  circular  with  diameter  a  , 
then  the  far  error  field  is  found  from  a  Fourier  Transform  of  (4),  i.e., 
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12ff(»/X,  ♦  yA,>  -ikiUP 
1  2  n  if 


where 

R,  r  source  end  field  radiel  directions. 

jki 

(•]  is  e  FF  rsdiscion  kernel  ~  ■■  ~  . 

P  is  probe  transverse  (x,  y)  location. 

A  is  the  projected  aperture  area  having  e  NF  amplitude 

of  form  cos  (— )  and  aero  outside,  and  k  is  the  propagation 
direction. 

Expressing  the  integration  variables  in  (S)  with  polar  forn  end 
carrying  out  the  indicated  transform  analytically  for  n  •  0,  find 


M  aenrE. 


J  (2rraB/\) 


where 


B  ■  i/cx/Xj  -  sin0cos$)2  ♦  (XAj  ~  sinBsinp)2 


Now  allow  X.  9  ■*  •  in  equation  (4)  so  that  the  tmiltipath  phase 

variation  with  probe  scan  is  made  to  approach  aero,  representing  the 
error-free  NF.  Again  by  a  Fourier  Transform  (in  polar  coordinates), 


'error-free 


/2irasin6. 

9  2  21/2  '  1  ' 

E  a(cos*8  ♦  sin  8  cos*$)i'  - v— - -  (7) 

o  sing 


Consider  only  a  single  FF  pattern  plane,  i.e.,  choose  $  »  0,  and 
assume  that  the  multipath  reflection  plane  constants  are  the  same  in 
both  scan  directions,  i.e.,  X^  ■  Xj  *  Xq.  Then  the  sought  FF  fractional 
error  ratio  n  becomes  a  simple  function  of  pattern  angle,  and  preserves 
the  dependence  on  possible  NF  multipath  phase  error  ratios  «/Xq  . 

Thus,  from  (6)  and  (7),  find 
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G 


n(e)  -  aeJJ/e 


error- free 


e"r.i»8 


£  tinQ) 


where 


B  becomes  /T  X/X0(X/X0  -  sine)  ♦  0  • 


Equecion  (8)  has  been  plotted  in  Figure  3  for  a  12X  aperture 
and  six  possible  values  of  multipath  phase  error  given  by  a/Xg  *  0.1, 

0.3,  1.0,  2.S,  5.0,  8.0.  From  the  figure,  when  the  multipath-induced 
phase  change  across  the  scan  plane  is  nearly  constant  (a/Xg  <  1), 
the  envelope  of  the  FF  error  ratio  approaches  emr  throughout  the  sidelobe 
region,  but  pecks  at  about  1.7emr  in  the  near- in  sidelobes.  When  the 
NF  multipath  phase  error  is  moderate  (a/Xg  «  D,  the  FF  error  envelope 
approaches  e™*  more  slowly,  and  when  the  NF  multipath  phase  change 
is  large  (a/\g  >  1),  the  envelope  of  FF  sidelobe  errors  is  small  and 
never  exceeds  .  6emr  throughout  the  whole  plotted  sidelobe  region. 

These  results  show  the  sensitivity  of  the  existing  error  bound  to 
measurable  NF  phase  change,  and  axe  useful  for  selecting  a  scaled  value 
of  emr  to  use  in  equation  (2). 

Tapered  NF  Case  A  procedure  analogous  to  the  example  just 
shown  is  followed  for  the  low  sidelobe  case,  by  including  a  NF  taper 
factor  to  account  for  an  arbitrary  synnetric  aperture  illumination. 

Thus,  the  assumed  multipath  FF  error  fields  have  functional  form, 

r  i2w(x/X  +y/X.)  -ikR«P 

Af“J  -  [.]  /  e°r  E0cosn(itx/a)  e  2  e  r  dP  (9) 


The  taper  factor,  cosn(irx/a),  disallows  (9)  from  being  integrated 
analytically,  however,  a  standard  numerical  integration  can  be  performed 


671 


for  both  &E~  and  E  .  ,  and  chair  magnitude  ratio  formed 

ff  error-tree 

aa  before.  Choosing  just  one  possible  phase  error  state,  aA^  ■  1 
(moderate  multipath),  and  investigating  the  affect  of  various  increasing 
NF  taper  factors  (n  *  1,  2,  3),  the  results  in  Figure  A  have  been 
generated.  In  general,  the  more  tapered  is  the  NF,  the  larger  the 
sidelobe  error  bound  becomes,  but  interestingly  only  for  the  near-in 
sidelobe  region.  Thi3  data  again  assumes  a  12X  aperture  as  in  the 
previous  example.  Figure  A  also  shows  that  the  sidelobe  error  bound 
approaches  the  same  limiting  value  (.35emr)  for  all  three  tapers 
evaluated,  since  only  a  single  NF  multipath  phase  error  value  was 
assumed.  This  demonstrates  that  predicted  sidelobe  error  for  a  low 
sidelobe  illumination  will  have  a  smaller  maximum  bound  than  presently 
specified  by  equation  (2),  but  only  in  the  far  out  sidelobe  region. 
Conversely,  the  nearer-in  sidelobes  are  predicted  to  be  in  larger  error 
than  previously  estimated.  Of  course  actual  values  will  depend 
upon  the  NF  taper  and  measured  NF  multipath  phase  error  in  a  specific 
measurement  problem.  It  is  thus  quite  important  to  measure  not  only 
the  peak  NF  interference  ripple  magnitude  as  in  Figure  2,  but  also  to 
measure  or  estimate  the  NF  multipath- induced  phnse  error  across  the 
scan  plane.  From  the  latter,  a  scale  factor  can  be  found  to  modify 
the  critical  parameter  emr  ,  and  consequently  to  improve  FF  error 
estimation  on  very  low  sidelobes.  For  this  exercise,  the  scaling  factor 
for  emr  was  in  che  range  ,35<k<2.7. 

A.O  OPTIMUM  PROBES 


Huddleston  has  demonstrated  chat  there  exists  an  "optimum" 
waveguide  probe  for  use  in  most  PNF  testing  problems  (7]  The  thrust 
of  his  work  was  to  prove  that  the  probe  FF  pattern  should  be  "matched" 
in  some  sense  to  the  available  NF  scan  length.  For  such  a  probe, 
the  sampled  NF  could  be  transformed  to  the  desired  array  spectrum  which 
would  have  a  minimum  Mean  Square  Error  rwrt  true  spectrum),  i.e., 
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min  HSE  “  min 


A(kx)  -  A(kx)  dkx 


where 


A(kx)  is  the  true  visible  array  spectrum 


r the  n 


measure  of  chat  spectrum 
)  B(k  )  *  P(k  ) 


Bi.kx)  =  probe  spectrum 

P(kx)  ■  transform  of  sampling  window  function 
(scan  length) 

*  “  indicates  convolution. 


Fe  shows  that  the  minimum  Mean  Square  Spectral  Error  will  result 
if  a  waveguide  probe  concentrates  its  power  response  over  the 
available  scan  length,  i.e.,  if  v(x)  =>  a(x)e^X^  is  the  X-dependent 


NF,  then 


I  v(x) I  ax 


^ 


where 


is  the  total  radiated  power  in  the  forward  hemisphere 

is  he  fraction  or  power  not  intercepted  by  the  probe 
as  it  travels  over  scan  length,  L 


For  the  class  of  waveguide  probes  considered  by  Huddleston,  the 
optimality  condition  in  (11)  which  satisfies  the  error  criterion  in 
(10)  has  been  shown  to  occur  when  the  probe  aperture  has  a  critical 
E-  plane  dimension  of  1,\  .  The  H-pLane  dimension  is  less  critical, 
but  IX  is  also  recommended.  A  summary  of  Huddleston's  design  analysis 
which  certifies  the  optimum  wave&uide  probe  dimensions  is  reprinted 
in  Figure  5  below.  The  plot  shows  that  the  critical  E-plane  probe 
dimension  of  bp  »  IX  produces  the  smallest  unconcuntrated  response, 
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2 

$x  ,  i.e. ,  has  the  optimum  directivity.  Such  a  probe  best  inter¬ 
cepts  the  planar  near  field  for  all  possible  scan  lengths,  .  The 

relation  between  L  and  the  plotted  coordinate  sin8„.„  is  shown 

x  max 

in  the  inset.  Values  of  b  ,  either  less  than  or  greater  than  IX, 

P 

produce  larger  values  of  6  *  ,  and  hence  are  suboptimum  (MSE  sense). 

Note  that  this  is  true  only  for  the  class  of  dominant-mode  waveguide 
probes  considered  by  Huddleston.  These  results  were  calculated  from 
a  simulation  for  the  PNF  of  a  45  element  phased  array  operating  at  C-band. 


Figure  5.  Computed  Probe  Concentration  Factor,  Sx*  versus  sin0max 
for  Waveguide  Probes  Whose  Apertures  Have  Height  bp  when 
Testing  a  Simulated  Phased  Array  Scanned  to  45°  in 
Elevation  [Huddleston,  p.  89],  The  b  *  1.0X  Probe 
is  Optimum  in  a  Mean  Square  Sense. 


4.1  Alternate  Design  Criteria  for  Low  Sidelobe  PNF  Probe 


The  MSE  criterion  in  equation  (10)  is  obviously  dominated  by 
mainbeam  contributors,  i.e.,  large  errors  in  the  transformed  sidelobe 
spectrum  will  not  appreciably  affect  the  Mean  Square  Error,  but  even 
small  errors  in  the  mainbeam  spectrum  will  make  large  contributions. 

An  alternate  probe  criterion  might  lead  to  alternate  probe  design  for 
improved  accuracy  in  low  sidelobe  testing.  Such  an  alternate  probe, 
if  it  exists,  should  minimize  the  weighted  MSE,  where  the  weight  will 
be  selected  to  emphasize  the  sidelobe  spectrum.  This  idea  implies 
that  sidelobe  and  mainbeam  spectral  errors  cannot  simultaneously  be 
minimized  during  a  single  measurement.  For  improved  sidelobe  accuracy, 
we  seek  a  probe  (probes)  whose  PNF  response  can  be  processed  to  minimize 
a  Weighted  Mean  Square  Error  (WMSE)  criterion,  suggested  as 


min  (WMSE)  *  min 


W(kx)[A(kx>  -  X(kx)J 


(12) 


where 


w(kx) 


k  <  |k  I  <  k  (sidelobes) 

c  x  max 

0  <_  | k  I  <.  kc  (mainlobe) 


and  kc  is  the  first  zero  wavenumber  (first  null).  Thus,  W(kx) 
is  a  wavefilter  which  effectively  notches  out  the  mainbeam  of  the 
test  array  as  sketched  in  Figure  6.  The  realizability  of  this  wave- 
filter  from  the  usual  dominant-mode  waveguide  clasi  of  probes  is 
obviously  impossible.  Thus,  a  new  class  of  probes  is  required. 


Figure  6.  Proposed  Alternate  WMSE  Probe  Spectrum  where 

I kmiv 1  is  the  Maximum  Visible  Wave  Number,  and 
lkc|  is  the  First  Zero  Wave  Number 


4 . 2  Design  Approach  for  Optimum  Low  Sidelobe  PNF  Probe 

A  design  approach  for  synthesizing  an  acceptable  approximation 

to  the  wavefilter  shown  in  Figure  6  is  as  follows.  Consider 

a  small  probe  array  of  clustered  radial  dipoles  as  shown  in  Figure  7. 

Here  the  number  of  elements  N,  their  relative  spacing  As,  and  their 

complex  weight  b^,  are  design  parameters  to  be  selected  by  conducting 

a  MSE  numerical  optimization  design  study.  The  resulting  transverse 

FF  probe  array  pattern  is  to  be  a  best-fit  to  the  optimum  WMSE  wavefilter, 

when  the  probe  array  is  constrained  to  have  the  fewest  number  of  dipole 

elements,  the  smallest  possible  spacing,  and  realizable  complex 

element  weights,  b  . 

°  n 

Such  a  design  optimization  is  presently  being  conducted  by 
TSC .  A  summary  of  the  optimization  problem,  however,  serves  to  establish 
the  feasibility  of  the  design  approach. 


678 


Figure  7.  Geometry  for  Optimization  Analysis  for  Defining 
the  Realizable  WMSE  Probe 


c 

WMSE  Probe  Design  Optimization  Summary 


1)  Specify  the  general  planar  array  probe  illumination, 

N-l 

v(x)  •  Z  b  5(x  -  nAx) 
n 
n 

2)  Find  the  family  of  probe  array  patterns  from  (1)  via 
Fourier  Transform, 


BOO  -  *3S{v(x)> 

N-l  .  .  . 

-  E(k  )  £  b  e"inAxk;v- 

X  n-0  n 

where  E(kx>  is  the  elemental  pattern. 

3)  Select  the  specific  B(k^J  which  minimizes  equation  (12) 

i.e.,  find  B(k  )  such  that 
x 
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min  (e)  ■  min 


/k 

max 

-kmax 


W(k  ) (A(k  )  •  A(k  )] 

XX  X 


dk 


where  A(kx)  -  A(kx)B(kx)*P(kx> 


with  *  indicating  convolution  over  the  measurement 
region,  p<x),  subject  to  the  following  probe  design 
constraints: 


N  <  N 

-  max  | 

1  A*ax  J 

b  realizable 


constraints  on  size  of  probe  array 


When  found,  the  set  of  dipoles  N  whose  planar  lattice  has  element 
spacing  As  ,  and  whose  complex  weights  are  bn  ,  will  radiate  a 
best  approximation  to  the  desired  WMSE  wavefilter,  while  simultaneously 
presenting  the  smallest  scattering  cross-section.  Selectable  overhead 
null  widths,  to  match  an  arbitrary  test  array  mainbeam  width,  may 
be  achieved  for  selectable  weight  sets,  b^  .  During  DESAT  phase  2, 
both  a  single  element  radial  dipole  probe  and  an  optimally-designed 
probe  array  cluster,  will  be  used  in  tests  of  sidelobe  measurement 
accuracy  with  a  very  low  sidelobe  array. 


5.0  CONCLUSIONS 


£ 

$ 

K 

$ 


This  study  has  extended  the  existing  methods  of  estimating 
far  field  array  pattern  error  when  testing  low  sidelobe  arrays  by 
the  method  of  plenar  near  field  probing.  Existing  bounds  have  been 
reviewed  in  [5]  to  show  that  probe/array  multipath  and  probe  positioning 
errors  are  the  dominant  contributors  to  overall  sidelobe  error. 
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In  this  paper  an  improved  bound  on  FF  side lobe  error  due  only 
to  NF  multipath  is  shown  to  depend  upon  a  scaled  value  of  Che  measured 
multipath  peak  interference  magnitude.  Scale  factors  depend  upon  the 
multipath  NF  phase  change.  Simulation  results  showed  that  scale  factors 
vary  between  .35  and  2.7  (scale  factor  ■  1  is  no  scaling)  for  a  class 

of  tapered  NF  varying  as  coan(nx/2, _ ),  n  -  1,  2,  3,  2.  „  ia  aperture 

length.  The  larger  scale  factors  increase  the  bound  on  the  near-in 
sidelobes,  while  the  smaller  scale  factor  applies  in  the  far-out  sidelobe 
region.  Seal*  factors  are  unique  to  each  probe  and  array. 

An  optimum  probe  for  testing  low  sidelobe  arrays  is  required 
to  have  the  following  properties: 

•  minimum  response  in  direction  of  test  array's  mainbeam 

•  maximum  response  in  direction  of  test  array's  sidelobes 

•  minimum  backseat ter. 

A  class  of  probes  with  the*  3  properties  is  a  small  probe  array 
cluster  of  radial  mode  dipoles.  Such  a  probe  array  can  be  designed 
by  performing  a  numerical  optimisation  study  as  suggested  in  section 
3.2.  The  essential  property  of  the  alternate  probe  is  to  be  most 
responsive  to  PNF  energy  propagating  to  the  array  FF  sidelobes. 
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developed  during  phase  1  provide  Che  basis  of  a  phase  2  DESAT 
cescing  exercise  planned  during  1983,  and  using  the  AWACS  engineering 
array  and  Che  NBS  PNF  scanner. 
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SIDELOBE  IDENTIFICATION  AND  DISCRIMINATION 


PAUL  R.  BBERHARDT 

CUBIC  CORPORATION,  SAN  DIEGO,  CALIFORNIA 


ABSTRACT 


Instantaneously  measuring  Direction  of  Arrival  ol  an  arbitrary  signal  yet 
escapes  most  ESM  systems.  This  paper  presents  a  successful  method  for 


reducing  this  problem. 


> 


Athough  principles  of  Sidelobe  Identification  and  Discrimination  (SLID)  will 
be  briefly  discussed  here  this  article  primarily  addresses  SLID  technology 
since  the  initial  report  appearing  in  the  1979  Antenna  Applications 
Symposium  Proceedings. 


Research  and  development  efforts  resulted  in  prototype  hardware)  antenna 
modifications  are  relatively  simple  and  applicable  to  a  variety  of  antennas. 
General  limitations  and  performance  parameters  are  presented  herein. 


1.0  INTRODUCTION 


Directional  antennas  respond  to  signals  from  all  direction?  to  come  degree. 
These  multiple  responses  make  instantaneous  Direction  of  Arrival  (DOA) 
determination  difficult.  A  variety  of  systems  have  been  developed  to  deal 
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with  this  problem. 


The  technique  described  in  this  paper,  Si  del 


J& 


'*  'W 

Identification  and  Dkcrimination  (SLID),  is  particularly  suited  lor  multi¬ 
octave,  highly  directive  antenna  systems  especially  when  used  wiyt,  ^ 

extremely  sensitive  intercept  receivers.  ^  , 

.a 

SLID  depends  upon  a  modulation  or  label  impressed  upon  any  pulse  not  i 
re.  ved  on  an  antenna  mainbeam.  The  modulation  is  inserted  in  signals 
associated  with  si  delobe  DOA  by  an  appropriately  modified  antenna  system. 

The  modulation  is  detectable  only  In  otherwise  undesired  signals.  Signals  of 
interest  ir  the  antenna  mainbeam  are  therefore  undisturbed  b>  this 
technique. 


2.0  BACKGROUND 

The  SLID  process  is  based  upon  a  fundamental  characteristic  common  to  any 
directive  antenna  radiation  pattern.  Radiation  patterns  can  be  divided  into 
these  two  regions:  the  mainlobe  and  the  sidelobes.  Mainlobe  characteristics 
are  basically  determined  by  the  overall  antenna  dimensions  and  are  modified 
only  by  major  changes  in  the  antenna.  Sidelobes,  rather,  are  controlled  by 
subtle  features  of  the  antenna  aperture  distribution.  This  difference  in 
sensitivity  provides  the  key  to  the  SLID  process. 


R-S2018 


Delicate  disturbances  of  an  aperture  produce  inconsequential  and  often 
undetectable  modifications  to  the  antenna  main  beam.  When  viewed  from  a 
more  volatile  si  delobe,  that  disturbance  produces  significant  changes. 

This  effect  is  often  observed  when  a  minor  adjustment  is  made  to  an 
antenna.  A  seemingly  insignificant  change  causes  profound  alterations  to 
the  antenna  sidelobe  structure. 

SLID  introduces  a  delicate  disturbance  into  the  antenna  aperture 
distribution.  This  modulation  will  then  appear  only  in  signals  received 
through  sidelobes  and  hence  a  determination  of  DOA  (mainbeam  vs. 
sidelobe)  can  be  made  immediately  upon  reception  of  a  single  pulse. 

Figure  1  shows  a  typical  antenna  radiation  pattern  exhibiting  SLID 
modulation. 

Another  view  of  the  SLID  modulation  is  presented  by  Figure  2.  Two  pulses 
are  '.hown.  The  larger  pulse  is  typical  of  a  signal  arriving  on  a  mainbeam. 
The  smaller  pulse  on  the  right  has  been  received  on  a  sidelobe  where  the 
impressed  modulation  is  clearly  evident. 

The  presence  or  absence  of  modulation  is  used  to  determine  DOA.  Relative 
amplitudes  of  the  two  pulses  are  meaningful  parameters  only  when  the 
transmitted  level  and  range  are  known.  This  is  not  always  the  case, 
particularly  when  multiple  scanning  sources  are  being  analyzed. 


SLID  MODULATION 


MAINBEAM  RECEPTION 


SIOELOBE  RECEPTION 


Sample  Video  Pulses 
Flgqre  2 


I  MODULATION  DRIVE 

—  —  ——  —  —  —  —  —|  modulator 


directional 

antenna 


RECEIVER 

DIRECTIONAL 

L  /I 

COUPLER 

AUXILIARY 

ANTENNA 


Figure  3 
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3.0  BASIC  SYSTEM  MODEL 

Various  techniques  have  been  used  to  introduce  SLID  modulation,  the  most 
successful  of  which  includes  elements  shown  in  Figure  3. 

The  receiver  and  directional  antenna  represent  any  ESM  system.  The 
auxiliary  antenna,  modulator  and  directional  coupler  are  added  to  introduce 
low  level  modulated  RF  into  the  system. 

An  incoming  signal  generates  responses  in  both  the  main  and  auxiliary 
antennas.  The  signal  in  the  auxiliary  line  is  modulated  at  a  known  rate.  The 
now  separate  signals  are  recombined  at  an  arbitrary  phase  angle  and  specific 
coupling  level  in  the  directional  coupler  (see  Figure  3).  The  resultant  vector 
sum  generally  exhibits  both  phase  and  amplitude  shifts  in  response  to  the 
auxiliary  channel  modulation.  In  Figure  4,  the  phasor  diagram,  shows  the 
basic  model  for  SLID. 

This  vector  model  provides  another  viewpoint  of  the  basic  SLID  mechanism. 
Comparing  the  »*atio  of  the  main  to  auxiliary  signals  on  the  antenna 
mainbeam  ratios  of  30  dB  or  more  are  observed.  In  contrast,  sideiobe  to 
auxiliary  ratios  are  about  0  dB  which  accounts  for  the  significant  modulation 
seen  in  the  sideiob'*  and  the  absence  of  detectable  modulation  in  the 
mainbeam.  (See  r.gi.  c;  1  and  5). 


RESULTANT 

ENVELOPE 


SLID  Phasor  Model 

Figure  S 
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4.0  SYSTEM  DEVELOPMENT 

Improvements  to  this  technique  since  Its  initial  discovery  fall  into  three 
categories}  modulator,  detector  and  auxiliary  antenna. 

The  earliest  modulator  was  a  mechanical  device,  quickly  rejected  because  of 

its  limited  speed.  Mechanical  modulators  have  produced  the  most  uniformly 

modulated  radiation  patterns  but  the  severe  speed  limitation  makes  them 

impractical.  Higher  rates  are  necessary  to  label  narrow  pulses.  PIN  diode 

and  double-balanced  mixer  modulators  were  next.  A  disturbance  exhibiting 
« 

either  phase  modulation,  amplitude  modulation  or  both  (depending  upon 
signal  DO  A)  was  produced.  The  PIN  switch  technique  is  limited  to  about  10 
MHz  modulation  rates  and  by  lower  modulation  levels  when  compared  to  a 
double-balanced  mixer. 

Present  applications  use  a  single  side-band  mixer  (SSB)  because  it 
guarantees  the  presence  of  both  phase  and  amplitude  modulation  on  any 
sidelobe  independent  of  antenna  position.  This  simplifies  the  detection 
circuit  which  presently  limits  the  maximum  modulation  rates.  When 
compared  to  a  double-balanced  mixer  the  SSB  modulator  exhibits 
comparable  modulation  speeds,  slightly  higher  conversion  loss  and  slightly 
reduced  RF  bandwidth.  The  disadvantages  are  presently  overbalanced  by 
improvements  in  the  detector  circuitry  which  are  not  compatible  with  the 
double  balanced  mixer  technique  (Figure  6  compares  the  various 
modulators). 
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Detector  design  involved  developing  of  two  subsystems.  Phase  modulation 
detection  centers  around  various  polar  discriminator  circuits  similar  to  a 
single  cell  of  an  IFM  (Instantaneous  Frequency  Measurement)  receiver. 
Amplitude  modulation  detection  depends  upon  logarithmic  amplifiers  to 
extract  percent  modulation.  Log  amplifiers  with  sufficiently  short 
relaxation  times  and  bandwidth  have  limited  modulation  to  10*20  MHz. 
Current  efforts  center  about  a  SSB. 

The  present  prototype  uses  a  SSB  modulator  and  polar  discriminator  at  30 
Mhz.  This  will  allow  mainbea m/side  lobe  decisions  on  a  pulse  by  pulse  basis 
for  pulses  as  short  as  100  nsec. 

The  final  element  in  the  SLID  system  is  the  auxiliary  antenna.  This  element 
introduces  the  disturbance  which  is  used  to  label  sidelobe  DOA.  Surprisingly 
SLID  is  not  critically  dependent  upon  the  auxiliary  antenna  performance. 
Unless  severe  sensitivity  requirements  exist.  The  auxiliary  antenna  gain  and 
main  antenna  sidelobe  levels  need  to  be  close  (within  *10  db)  for  sufficient 
modulation.  Increased  main  beam  to  auxiliary  isolation  is  possible  when  the 
auxiliary  radiation  pattern  includes  a  null  coincident  with  the  main  antenna 
boresight  or  main  beam.  This  feature  allows  significant  improvements  in 
DOA  accuracy  but  has  not  yet  been  exploited.  The  ideal  auxiliary  pattern  is 
therefoe  a  cardoid  which  generally  covers  the  main  antenna  sidelobes  and 
has  a  null  in  the  main  beam  direction.  Other  auxiliary  patterns  however, 
have  been  used  and  were  quite  satisfactory.  A  designer  has  significant 
latitude  in  this  area. 
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3.0  PROTOTYPE  DEVELOPMENT 


SLID  hardware  has  bem  developed  lor  two  distinct  applications,  contrasted 
In  Table  1. 


There  are  two  differences  between  the  development  programs  presented 
here.  The  U.S.  Navy  system  Includes  a  highly  directive  antenna  with  high 
sidelobes  and  a  computerized  analysis  system.  Computerized  ESM  has 
generally  been  unsuccessful  because  the  tremendous  processing 
requirements  generated  in  today's  dense  electronic  environments.  The 
Development  of  SLID  significantly  reduce  this  problem  by  facilitating  the 
rejection  of  pulses  received  through  antenna  sidelobes  prior  to  computer 
processing.  This  combination  of  sidelobes  and  computer  (for  the  Navy 
system)  processing  places  severe  design  constraints  on  the  SLID  hardware. 
In  comparison  the  USAF  system  Is  manually  operated  and  only  moderately 
directive.  Consequently  a  less  complicated  design  was  possible. 

Table  1  SLID  Prototype  Hardware 


U.S.  NAVY 

ANTENNA:  12'  PARABOLA 
GAIN:  43  dBi  TYPICALLY 
S1DELOBE  LEVEL:  10-20  dB 
FREQUENCY  COVERAGE:  5  OCTAVES 
APPLICATION:  COMPUTERIZED  ELINT 


U.S.  AIR  FORCE 
V  PARABOLA 
23  dBi 
20  dB 

5  OCTAVES 
MANUAL  ELINT 
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SU>  USAF  PROTOTYPE 

Cubic  produces  a  portion  of  the  QRC  system  used  by  the  U.S.  Air  Force. 

Figure  7  shows  an  overview  of  the  QRC  system  and  a  prototype  antenna 

/ 

with  SLID  modifications.  This  system  was  used  to  test  SLID  in  a  controlled 
environment.  Two  emitters  and  a  collection  antenna  (Figure  8)  were  placed 
in  an  anechoic  chamber.  Without  side  lobe  identification  polar  displays 
similar  to  Figure  9  are  observed  when  all  elements  are  in  rotation. 

With  SLID  the  display  format  changed  dramatically.  Figure  10  shows  a 
single  fixed  source  (30°  relative)  without  SLID.  Figure  11  shows  the  same 
source  with  SLID.  (These  experiments  occured  under  identical  conditions.) 

Figure  12  shows  a  more  complicated  experiment.  Two  fixed  sources  (30° 
and  330°  relative)  are  active  with  SLID  modulation  off*  Figure  13  shows  the 
improvement  with  SLID,  activiated.  The  improvement  in  DOA  measurement 
accuracy  is  clearly  shown,  particularly  when  multiple  emitters  must  be 
processed  simulataneously. 


7.0  OS.  NAVY  SYSTEM 

A  SLID  system  is  presently  being  developed  for  a  U.S.  Navy  data  collection 
platform.  The  antenna,  Figure  14,  is  a  12  foot  reflector  with  a  five  octave 
frequency  coverage  band. 


MODI  PI  CD  ANTENNA 
WITH  SLID 


f'  X  * 


TWO  SOURClt  (90*  AND  S90*) 
WITHOUT  tUD 

Flgur*  18 


WITH  SLID  KNABLKD 
Figure  IS 
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An  initial  prototype  with  partial  hand  covorafo  hat  bean  flight  tested  and 
compared  to  a  conventional  omni-guard  sMeiobe  rejection  system.  The 
result  of  this  test  in  a  multi  emitter  environment  is  summarised  in  Table  2. 

Table  2  SUD/OMNI-GUARD  Comparison 

ENVIRONMENT!  *0  KNOWN;  23  UNKNOWN  EMITTERS 


SLID 

OMNI-GUARD 

MA1NBEAM  ACCEPTANCE 

80% 

80% 

SIDELOBE  REJECTION 

90% 

34% 

Further  development  is  contracted  and  presently  underway  to  provide  full 
SUO  function  over  the  entire  five  octave  frequency  band  fur  this  system; 
delivery  is  projected  for  March  1983. 

8.0  SUMMARY 

Prototype  hardware  demonstrates  SLID's  success.  The  12  foot  reflector 
system  presented  significant  technical  challenges  to  the  auxiliary  antenna 
and  SUO  processor.  The  smaller  QRC  unit  is  representative  of  a  more 
typical  system.  Sidelobe  rejection  performance  is  very  good  for  both 
systems.  SLID  presents  a  low  cost,  effective  alternative  to  the  development 
of  ultra  low  sidelobe  antennas.  Moreover  it  works  well  with  multi-octave. 
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highly  directive  intercept  systems.  SLID  is  applicable  to  systems  which 
develop  DOA  as  a  parameter  particularly  when  the  system  has  the  potential 
to  be  mislead  by  signals  arriving  on  other  than  the  antenna  mainbeam. 
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